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FOREWORD

This is the fifth report describing on-going investigations of groundwater
quality in northeastern Iowa, and the third report dealing with results from
work in the Big Spring basin in particular. The Big Spring area, because of
its unique setting, affords many insights into the behavior of the hydro-
geologic system of northeastern Iowa, and interactions between surficially
applied chemicals and shallow groundwater quality that pertain to all of Iowa,
as well as much of the Corn Belt. Many agencies and individuals are involved
with this work, and they are noted in the acknowledgements. Work continues in
the Big Spring basin area as state, federal, and local agencies strive to gain
the experience and data necessary to effect a satisfactory balance between
efficient agricultural production and protection of water supplies.

Donald L. Koch
Director and State Geologist

IN MEMORIAM

TAUN NOVAK

The authors and all at the Iowa Geological Survey who knew her, recognize the
contributions Taun Novak made to recent groundwater studies in Northeast Iowa.
As the Iowa coordinator for the U.S. Environmental Protection Agency, Imder-
ground Injection Conmtrol Program, Taun provided constant support for our
environmental assessment. She was an able coordinator; she became a friend.
Her accidental death remains a sorrowful memory. We hope that continuing
groundwater protection programs and improved water quality may be her
memorial .
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ABSTRACT

Water-year 1983, the second complete year of monitoring in the Big Spring
basin, provides some interesting contrasts to the first year of study in the
region. Significantly more detailed hydrologic and water-chemical monitoring
were done for particular hydrologic events.

There was a dramatic change in land management in the basin because of the PIK
program. Reduction in total corn acreage and slight reductions in fertiliza-
tion rates produced about a 30-40% decrease in N-fertilizer application for
the basin, and a somewhat lesser decrease in pesticide use.

Precipitation in WY-1983 totalled 44.5 inches (1,130mm); an increase of 31%
from WY-1982. The total range of (instantaneous) discharges measured at Big
Spring, from 32 to 295 cfs (0.9 - 8.4 «cms) was nearly identical for the two
years. However, the greater precipitation increased the total water dis-
charged from the basin by about 47% over WY-1982; surfacewater discharge
increased 100% and groundwater discharge (disregarding WY-1982 storage
changes) increased 37%. The total water-yield equalled about 49% of precip-
itation. For groundwater, the runin, conduit-flow component increased 34%
while the infiltration, base-flow component increased 8% (WY-1982 storage
effects cannot be removed from this figure). Even with the greater discharge
these groundwater components still occur in the same relative balance over the
course of a water-year, with the runin, conduit-flow component comprising only

11% of the groundwater discharge, while the infiltration component comprised
89% of the discharge.

The greater water discharge, and particularly the greater groundwater movement
through the soil in infiltration caused a significant increase in chemical
discharge from the basin. Total nitrate-N discharged from the basin in WY-
1983 increased 58% from WY-1982, and totalled more than 1,430 tons (13 x
105kg) of N; approximately 755 tons (6.9 x 105kg) in groundwater, and 675 tons
(6.1 x 10%kg) in stream-flow. This equals about 43 1bs-N/ac (49 kg-N/ha) for
the entire basin. The flow-weighted mean nitrate concentration in groundwater
increased from 39 mg/1 in WY-1982 to 46 mg/1 in WY-1983. Thus, the mean ni-



trate concentration for the basin exceeded the the 45 mg/1 drinking water
standard.

Similar trends were recorded on the regional basis as well. The discharge of
the Turkey River at Garber increased 40% from WY-1982, and the total NO;-N
discharged from the Turkey River basin was approximately 13,400 tons-N (12.? X
10%kg-N) (up from 9,400 tons of N in WY-1982). This is an equivalent of 27
Tbs-N/ac (30 kg-N/ha) for the entire region.

The discharge of the herbicide atrazine in groundwater increased 120% over WY-
1982. However, this still only amounted to about 31 1bs (14 kg) of atrazine.
Atrazine was the only pesticide detected in groundwater year-round, with con-
centrations ranging from 0.1 to 5.1 ug/1, with a flow-weighted mean of 0.28
ug/l. Four other commonly used herbicides were intermittently detected in
groundwater, but primarily during runin-recharge events in May, June, and
July. These herbicides were (maximum concentrations noted in parantheses, be-
fore common name): Lasso (0.63 ug/1, alachlor); Bladex (1.2 ng/1, cyanazine);
and Dual (0.62 pg/1, metolachlor). Lasso appeared 1in groundwater as late as
8/30/83. The insecticide Dyfonate (fonofos) also appeared in groundwater
(0.11 ug/1) during a large runin-recharge, storm event. Even though the
amount and concentration of pesticides in water increased substantially in WY-
1983, the total mass discharged is still estimated at only about 5% of that

normally applied. Numerous other pesticides that were applied in the basin
were not detected in groundwater.

Large spring or early summer runoff and discharge events can significantly
affect the total pesticides 1lost in water. During the two week period of
large runoff-discharge events in 1late-Jdune and early-July about 35% of the
total discharge of atrazine occurred. The amount discharged during this
period alone equaled about 80% of the atrazine discharged in WY-1982.

The contributions of the components of the groundwater discharge were approx-
imately the same in WY-1983 as in WY-1982; the infiltration, base-flow com-
ponent comprising about 90% of the water discharge, and the runin, conduit-
flow component only 10%. The highest concentrations and largest mass of ni-
trate are delivered through the infiltration-component (95%) while the runin-
component delivered only 5% of the nitrate-N; similar to WY-1982. With the
large runoff-runin events, the relative delivery of pesticides (based on
atrazine) to groundwater was substantially different. In WY-1983 the runin
component delivered 47% of the pesticides, with a flow-weighted mean atrazine
concentration of 1.2 ug/1, while the infiltration component delivered 53% of
the pesticides, with a flow-weighted mean atrazine concentration of only 0.16
ug/1. Even with the different conditions of WY-1983 the infiltration compo-
nent still delivers the 1largest mass of contaminants into the groundwater
system. The respective contributions of these components must be considered
in any planning of remedial measures or management practices.

Nitrate concentrations monitored from tile-lines, surfacewater sites, Big
Spring and the Turkey River all fluctuate in harmony throughout the years of
monitoring. The parallel nature of the records demonstrate that similar
mechanisms and responses to recharge deliver nitrate to all parts of the
hydrologic system. The close coincidence of both nitrate and discharge
records between Big Spring and the Turkey River show that the processes and
relationships documented at Big Spring are applicable on the regional scale as
well.
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The total NO3-N losses from the 81% Spring basin increased from an equivalent
of 27 1bs- N/ac (31 kg-N/ha) in WY-1982 to 43 1bs-N/ac (49 kg-N/ha) in WY-1983.
Obviously, there is no direct relationship between the NO3-N discharged and
the decreased application of fertilizer-N which resulted from the PIK program
in calendar year 1983. This is because of the time lag between changes in
chemical land-treatment and changes in the chemical quality of the groundwater
(combined with differences between crop, or calendar years and water-years).
As shown by a review of various agronomic studies, at moderate to high N-
fertilization rates NO3-N is stored in the soil, and the amount builds wup in
direct proportion to the amounts applied and the number of years of applica-
tion. The NO3-N leached in any year, such as WY-1983, is in large part, re-
lated to this storage, which masks the effects of individual years 1in the
short term. Any impact, or decrease in NO3-N leaching resulting from PIK,
would be expected to show in future monitoring. Landuse in the Big Spring
basin has been relatively constant between 1979 and 1983, and thus the NO3-N
losses can be put in the context of the acreage that has been in corn pro-
duction over that time (3-5 years in various rotations). In this perspective
the amount of N lost from this acreage base increased from 47 1bs-N/ac (52 kg-
N/ha) in WY-1982 to 74 1bs-N/ac (83 kg-N/ha) in WY 1983, The WY-1982 N-losses
were equivalent to 33% of the fertilizer-N applied 1in 1982; the WY-1983 N-
losses would be equivalent to 53% of those same 1982 N-fertilizer amounts.
Note that this is a minimum figure because it only accounts for NO3-N losses.
Thus, in a relatively wet year, such as WY-1983, a minimum equivalent to about
50% of the chemical fertilizer-N applied may be lost into groundwater and
surfacewater combined. Particularly considering how well the behavior in the
Big Spring system reflects regional conditions, the magnitude of N-losses

would certainly seem to constitute an economic as well as an environmental
loss.

As noted these figures are minimums for the amount of N lost from the basin.
Piezometer studies and stream monitoring in the basin show that denitrifica-
tion occurs in local-settings in the soil environment, and possibly in the
streams themselves, accounting for additional Tlost N, that cannot be
quantified. Monitoring of ammonium-N and organic-N show that these forms of N
are also discharged in groundwater during runin-recharge events. They are
discharged in higher quantities in streamflow which 1leaves the basin. In
total they may constitute 10% additional to the N lost from the basin. In the
alluvial aquifers where denitrification removed the NO3, pesticides were still
present in the groundwater.

In the unique karst-carbonate aquifer system suspended-sediment also occurs in
groundwater causing water-quality problems, particularly during runin, conduit
flow periods. During peak, conduit-flow the sediment loads are essentially
equal to surface-runin water, reaching concentrations of nearly 5,000 mg/1 and
discharge rates of over 190,000 1bs/hr (87,000 kg/hr). The total discharge of
suspended sediment at Big Spring alone was about 3,500 tons (3.2 x 108kg).
These sediment loads create serious problems for the ICC fish hatchery opera-
tions.

Detailed monitoring of discharge and water chemistry, dye tracing, and hydro-
graph analysis of major discharge events during WY-1983 provide many insights
to the behavior of the karst-hydrogeologic system. These data verify, and
amplify, the prior findings about the flow system and the nature of the con-
tributing components. While the recharge-discharge mechanisms are complex,



different analytical and chemical hydrograph separation techniques show that
the two fundamental components--infiltration base-flow, and runin conduit-
flow--can be consistently quantified within about 10%. The chemical monitor-
ing and separation techniques also verify the complexity of components which
contribute to major discharge-hydrograph events, and contribute to the nature
of water-quality fluctuations. -

Monitoring of rainfall-runin events shows that the high surfacewater concen-
trations of parameters such as suspended sediment (e.g., 5,000 mg/1), pesti-
cides (5-20 wg/1), organic and ammonium-N move through the conduit-
groundwater system as a 'slug' discharging from the groundwater in essentially
the same concentration as they entered. These events also introduce bacteria
and potentially pathogenic organisms into groundwater. While the runin
component delivers contaminants to the groundwater which are of concern for
public health on the 1local level, the infiltration component 1is responsible
for regional aquifer contamination. Also, infiltration 1is the recharge
mechanism common to all aquifers, which gives these data much broader implica-
tions.

Numerous soil cores were collected from the basin, to varying depths, under
various landuse, after corn-harvest in 1982 and 1983. The soil samples were
analyzed for N03-N and pesticides. The amount of NO3-N stored in the profile
vary directly with landuse and increased proportionately with the number of
years of fertilized corn. Measured to a depth of 10 feet (3 m) the amount of
NO3-N stored in soils under forest, pasture, fertilized-pasture and alfalfa-
meadow (in rotation with corn) ranged from 48-80 1bs-N/ac (50-90 kg-N/)ac
while wunder high fertilization corn the amounts ranged from 135 1bs-N/ha

(150kg-N/ha) under second-year corn to 400 1bs-N/ac (450 kg-N/ha) under 'con-
tinuous' corn.

In the plow-layer maximum concentrations of 120.0 ug/kg atrazine, 5.8 ug/kg
Bladex (cyanzine), 23.0 ug/kg Lasso (alachlor) and 10.0 pg/kg Dyfonate
(fonofos) were recorded. Atrazine concentrations of 1.0 ug/kg were noted to
depths of nearly 10 feet (3.0 m), and 0.3 pg/kg atrazine were detected at a
depth of 14.5 feet (4.4 m) at one location. Other pesticides were not de-
tected at great depths.

Other water-quality and crop-use data collected in the region further support
the direct, linear relationship, between the increase in nitrates 1in ground-
water with the large increase 1in N-fertilization that has taken place since
the 1960s. A review of agronomic studies which have related N-fertilizer
application rates to the N-buildup in soils or the N-losses in tile drainage,
show that this linear relationship is the response that should be predicted in
a setting such as northeastern Iowa. The direct relationships between total
fertilizer-N applications and groundwater nitrate concentrations also indicate
that any significant decrease in the amounts of fertilizer-N applied (or in-
creased efficiency of N-use, such that 1less could be Tleached) would be
accompanied by a proportional decrease in groundwater nitrate, at Tleast when
integrated over a 2-5 year period.

On the short term, seasonal or monthly basis, the concentration of NO3 and
mass of NO3-N discharged show significant, positive, linear relations to the
amount of water discharged. Over the long term the excess NO3-N is stored in
the soil. Because infiltration through the soil is the principle component of
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recharge, the timing of nitrate fluctuations in water supplies is related to
seasonal recharge periods, and generally not to the timing of seasonal
agricultural practices.

Management alternatives, or 'best-management practices' (BMPs), need to be
formulated that will couple standard concerns for soil erosion and surface-
water quality with the need to reduce chemical losses in infiltration to
groundwater. This will need to be done to balance our need for efficient
agricultural production with the need for safe drinking water. Some measures
will control soil erosion and runoff but will promote greater infiltration and
additional chemical 1leaching. Over time these problems can be addressed
through new technology. However, a review of many studies suggests that
through new combinations of many current and accepted practices these goals
can be compatible. Better chemical and nutrient management must be coupled
with systems for soil management, as well.
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INTRODUCTION

This report will decribe the results from the second full water-year (1983) of
hydrogeologic and water-quality investigations in the Big Spring basin. The
hydrogeologic framework, historic water quality, present and past Tland-
management and chemical management, lab procedures and analytical methods, as
well as 1982 monitoring results and interpretations have been described pre-
viously by Hallberg and others (1983, 1984), and will not be reiterated here.

During 1983 the water quality sampling scheme was altered from that of 1982
because of different objectives, what was learned from the prior years' re-
sults, and available funding. Less effort was placed on well monitoring while
the Big Spring and various surfacewater and tile line sites were monitored
much more intensively. This was done to further isolate the details of how
the hydrogeologic system of the Big Spring basin responds to hydrologic
events. For example, Big Spring was sampled at Tleast weekly for analyses of
nitrate and pesticide concentrations. During particular 'runoff events'
samples were often collected every one or two hours. For water-year 1983, 248
nitrate samples and 81 pesticide samples were analyzed from Big Spring. In
addition a number of samples were analyzed for nitrogen-series (NO3, NOp,
ammonium-N, and organic-N), total mineral analyses, and suspended sediment.
Additional dye-tracing was also done.

This report will summarize observations on a standard water-year basis:
water-year 1983 ran from 1 October, 1982, through 30 September, 1983. This is
in contrast to the 1982 water-year summary (Hallberg et al., 1983) which had
to run from 1 November, 1981, through 31 October, 1982, because of when
sampling began on the project. This one month difference (and overlap) in re-
porting makes no significant difference in the water-year summaries because
October was a low-flow period and had Tlittle impact on the total volume of
water and chemicals discharged.

By convention (from past reports) the concentration of nitrate will be used in
this report as mg/1 of NO3, unless otherwise stated. NO3 can be converted,
approximately, to mg/1 of NO3-N by dividing the NO3 value by 4.5. When the
mass of nitrogen discharged from a site is calculated it is converted from NOj

to N (NO3-N). Concentrations of other forms of nitrogen compounds (ammonium-
N, organic-N) are reported as N.

The report will be divided into four components. First, the basic events and
record of the water-year will be summarized. Second, the details of monitor-
ing of particular discharge events, and the insights they provided, will be
described. Third, a variety of other observations (e.g., from soil cores,
etc.) will be outlined. The last component will integrate and summarize the
findings and interpretations from all the research to date.



1983 Landuse and Management

Landuse and land management changed dramatically in 1983 because of the
U.S.D.A. Payment-In-Kind (PIK) program. Clayton County and the Big Spring
basin had maximum enrollments in PIK. Table 1 shows general figures for 1983
landuse. Of most significance is that the acreage of land in corn production
was decreased by 35-40% over the prior three years. This resulted in a
dramatic decrease in the amount of fertilizer applied in the basin.

Surveys of chemical use were again (see Hallberg et al., 1983) conducted by
SCS and IGS staff. These results suggest that chemical N-fertiler applica-
tions were reduced slightly on the remaining corn acreage, on the average,
from 175 1bs-N/ac (195 kg-N/ha) in 1982 to about 150 1bs-N/ac (170 kg-N/ha) in
1983. Pesticide use also decreased because of the PIK acres removed from corn
production. The decrease in total pesticide use would not be as direct as
with fertilizers because herbicides were applied to some PIK acres to control
weeds. In general, on the remaining corn acres the pesticides used and rates
of application were the same 1in 1983 as in 1982. The three most widely used
herbicides on corn acres were atrazine, Bladex, and Lasso (Bladex usage was up
and Lasso down relatively). Again other herbicides were also used in Tlesser
amounts including Dual, Sutan, Ramrod, and Prowl and minor applications of
Eradicane, Roundup, Banvel, and 2, 4-D. The most common insecticides used for

corn were Counter and Dyfonate followed by Thimet, Lorsban, Furadan, Amaze,
and Savit.

A variety of herbicides were also used for weed and brush control in pastures,
hay, oats, fence rows, and on PIK acres. These included Bladex, 2, 4-D,
Roundup, Banvel, Eptam, 2,4,5-T, MCPA, Princep, Tordon, and paraquat. Two
insecticides were reported as used for insect control on hay: Furadan and
Savit. A1l products are believed to be used at the recommended application
rates. Table 2 summarizes the pesticides used in the basin by chemical class
and gives the common name for the active chemical ingredients.

HYDROLOGIC MONITORING

Hydrologic monitoring of the Big Spring basin, initiated in November 1981,
continued through water-years 1982 and 1983. Monitored parameters include
climatological data, groundwater discharge, Turkey River discharge, and
various aspects of surfacewater-and groundwater-quality. This section will
present and discuss the general results of the monitoring data for the 1983
water-year. Individual runoff events, which were monitored in greater detail,
will be discussed in a later section. Certain aspects of the hydrologic sys-
tem continue to be monitored in 1984, Details of the monitoring system are
discussed by Hallberg and others (1983).



Table 1. Landuse in 1983 in Big Spring basin; given in square miles (and
percentages).

19831 1980-822
Corn 36.38 (35) 60.42 (58)
Conservation Use 25.19 (24)
(PIK areas)
Oats 4,66 (5) 8.40 (8)
Hay, Rotation Pasture, 27.06 (26) 24.47 (24)
other Cover Crops
Other (Urban, forest, 9.95 (10) 9.95 (10)
ste-) 103.24 (100) 103,24 (100)

- . e e M e MR e S e S R e e e e e N e e e

I Based on cropland reports compiled by local ASCS officials and survey data
data from Roger Koster, SCS.

2 Data from Hallberg et al. (1983).

Climate and Discharge

Before discussing the water-quality aspects of the monitoring, the water
balance for the basin will be described. These data include the precipitation
inputs and groundwater and surfacewater discharge outputs from the basin.
Changes in groundwater storage are also estimated.

Climatic Data

Climatic data for the Big Spring area include daily precipitation amounts and
temperature extremes from the Elkader, Waukon, and Fayette weather stations.
These stations form a triangle that encloses the Big Spring basin. Monthly
and annual precipitation data for the water-year, along with the long-term
averages, are presented for these stations 1in Table 3. Estimates for pre-



Table 2. Summary of pesticides known to be used in the Big Spring basin.

Chemical Class

Amides

Benzoics

Bipyridiliums

Dinitroanilines

Phenoxy

Thiocarbamates

Triazines

Miscellaneous

Organophosphates

Carbamates

Trade Name

Lasso
Dual
Ramrod

Banvel

Paraquat

Prowl

(many )
(many)
(many)

Sutan (%)
Eradicane
Eptam, EPTC

HERBICIDES.

Atrazine, AAtrex

Bladex
Princep

Roundup
Tordon

Counter
Dyfonate
Thimet
Amaze
Lorsban

Furadan
Savit

INSECTICIDES

Common Name

Active Ingredient

alachlor
metolachlor
propachlor

dicamba

paraquat

pendimethalin

Butylate (+R25688)
EPTC + R25788
EPTC

atrazine
cyanazine
simazine

glyphosate
picloram

terbufos
fonofos
phorate
isofenphos
chlorpyrifos

carbofuran
carbary]l



cipitation at Big Spring are given. These values are based on intermittent
monitoring at the spring and in the basin, as well as data from the other sta-
tions (particularly Elkader, the closest station to the basin). The estimates
for precipitation at Big Spring are used as the dinput to the basin water
balance.

Water-year 1982-83 was characterized by high precipitation in the study area.
Precipitation was 27% and 29% above long-term averages at the Elkader and Fay-
ette stations, respectively, and 48% above average at Waukon. Monthly precip-
itation was fairly evenly distributed across the area throughout most of the
water year. Major exceptions occurred during June, July, and August, reflect-
ing the effects of thunderstorms that were more localized in occurrence and
intensity. The greater amount of precipitation recorded at Waukon for the

water-year, relative to the other stations, occurred largely during these sum-
mer months.

Groundwater Discharge

Groundwater discharge from the Big Spring basin to the Turkey River was mon-
itored daily at Big Spring, or more frequently when conditions warranted. The
discharge hydrograph from the spring is shown on figure 1, along with
daily precipitation and temperature data from Big Spring and Elkader. Total
basin discharge is estimated to be about 14% greater than the discharge from
Big Spring alone, as discussed by Hallberg and others (1983). Monthly sum-
maries of total, average, maximum, and minimum discharge to the Turkey River
from the basin as a whole are given in Table 4. Details of the groundwater-
flow system within the Galena aquifer in the basin are discussed by Hallberg
and others (1983). Discharge rates and responses at Big Spring reflect the
volume and rates of recharge occurring within the contributing groundwater
basin. While there is no simple relationship between precipitation, recharge,
and discharge that sufficiently describes the responses monitored at Big
Spring, certain responses are characteristic of individual seasons. The
characteristic periods are blocked out by the vertical lines on figure 1.
Fall 1982 was characterized by intense rainstorms, which produced high dis-
charge events. These high discharge events reflect both the volume and in-
tensity of the storms, but also demonstrate the effect of precipitation
falling on harvested fields under low evapotranspiration conditions. Prior to
these fall rains, discharge was less than 30 cfs (0.85 cms). Following the
rains, discharge increased to 250 cfs (7.18 cms) and rarely fell below 50 cfs
(1.4 cms). The extremely high discharges were caused by surfacewater runoff
discharging into (surfacewater 'runin') sinkholes, followed by rapid water
movement through the conduit-flow parts of the aquifer. However, the gener-
ally high discharges that persisted through much of the period must be related
to significant infiltration seepage and slow-to-moderate groundwater flow
through the diffuse-flow part of the aquifer.

A lack of precipitation and/or precipitation falling as snow during January
and early February 1983 resulted in 1little or no recharge, and therefore a
winter discharge recession, with flow rates falling to 30-35 cfs (0.85 -1.0
cms). During  recession periods, the groundwater discharging from
the basin is begin released from storage. The slow decrease in discharge

b



Table 3. Climatic data for stations near Big Spring basin, and estimates for
Big Spring basin from intermittent monitoring

Elkader Fayette Waukon Mean Big Spring

in (mm) in (mm) in (mm) in (mm) in (mm)
1982
Oct. 3.29 (83.6) 306 {71.7) 2:83..(71.9) 3.06 (77.7) 3.29 (83.6)
Nov. 4.53 (115.1) 4.01 (101.9) 4.07 (103.4) 4.20 (106.7) 4.53 (115.1)
Dec. 3.05 (77.5) 3.99 (101.3) 2.17 (55.1) 3:07 . [78:0) 3.05 (77.5)
1983
Jan. 0.71 (18.0% 0.83 521.1; 0.62 (15.7 0.72 (18.3 0.71 (18.0)
Feb. 1.84 (46.7 1.80 (45.7 2.05 (h2.1 1.90 (48.3 1.84 (46.7)
Mar. 2.67 (67.8) 2.03 (51.6) 1.52 (38.6) 2.07 (52.6) 1.93 (49.0)
Apr. 2.91 (73.9) 3.28 (83.3) 2.15 (54.6) 2.78: +£71056) 2.91 (73.9)
May 6.44 (163.4) 7.40 (188.0) 7.23 (183.6) 7.02 (178.3) 6.24 (158.5)
June 5.80 (147.3) 5.35 (135.9) 8.39 (213.1) 6.51 (165.4) 8.23 (209.0)
July 5.20 - (132.1) -3:46 (87.9) 4,12 (104.6)s - 8.26:1{108.2) ~&5.925(150.3)
Aug. 0.69 (17.5) 1,20 +{30.5) 6:04 +(153.4) - 2564 ~ (67.1) 1.48 (37.6)
Sept. 4.92 (125.0) 5.64 (143.3) 4.49 (114.0) 5.02 (127.5) 4.40 (111.8)

12-month

summary 42.05 (1068.1) 42.05 (1068.1) 45.68 (1160.0) 43.25 (1098.6) 44.53 (1131.1

4,02 * (102.1)

Oct. 4,02 (102.1) 3.96 (100.6) 3.31 (84.1) .5)
93.7)  3.85 (97.8)  3.76 (95.5)

Nov. 3.76 (95.5)  4.10 (04.1)  3.69 (

Long-term
Annual Average
Precip.
in. (mm) 33.1 (840.7) 32.5 . 1(825.5) 30.7 (779.8)
Temp. °F 45 46 45
i 12 7.8 Tir

across this period is the result of decreasing gradients, as the potentio-
metric surface within the Galena aquifer declines.

During late February and early March, snowmelt occurred. Discharge at the
spring responded sharply, reflecting 'runin'- recharge and conduit-flow. The
rapid rises and falls of the hydrograph show the effects of diurnal tempera-
ture variations on melting and runoff. Relatively warm daytime temperatures
generated melting and runoff, while the cold evening temperatures did not.
These effects are noted at the spring 24-36 hours later. The rapid decrease
in discharge that occurred during this period indicate that the remaining snow



pack and/or frozen ground was limiting infiltration recharge to the diffuse-
flow parts of the aquifer.

The spring months, March through mid-June, are generally periods of major
groundwater recharge in the midwest because of relatively high precipitation
and 1low evapotranspiration. During spring 1983, March and early June were
relatively dry, and discharge from Big Spring was accordingly low; 35-45 cfs
(1.0 -1.3 cms). However, most of April and May were wet, and discharge from
the spring stayed above 60 cfs (1.7 cms) (figure 1). No major runoff-conduit
flow events occurred during April and May; discharge exceeded 80 cfs (2.3 cms)
for a period of only a few days. The elevated, relatively constant flow rates
indicate significant infiltration recharge was occurring.

The summer months, from mid-June essentially through the end of the water
year, are generally marked by low precipitation and high evapotranspiration,
and therefore insignificant runoff or groundwater recharge. A long, pro-
nounced period where stream and spring discharges recess is the general case.
Summer 1983 in the Big Spring area was similar to this expected condition,
with the exception of late June and early July. During this one
week period, an estimated 9 inches (228 mm) of rain fell; over 6 inches (152
mm) fell in a two-day period. A comparison of the hydrograph and precipita-
tion at Elkader (figure 1) shows that although over 5 inches (127 mm) of pre-
cipitation fell during the first three days of this period, runoff was not
sufficient to cause discharges over 100 cfs (2.8 cms) at Big Spring. A very
intense thunderstorm, delivering over 2 inches (50 mm) of rain in approximate-
ly 2 hours, and following in the wake of the previoius rains, was needed to
generate the major runoff-recharge/high-discharge event noted on the hydro-
graph. This major event will be discussed in greater detail in a subsequent
section. Following this major event, discharge at the spring recessed for
most of the remainder of the water year. Rains in excess of 1.5 inches (38
mm) fell during this period but caused only minor recharge to occur, reflect-
ing the 1low soil moisture and high evapotranspiration conditions existing
during the late summer growing season. Seasonal trends and responses noted
for water-year 1983 are generally consistent with those noted for water-year
1982 by Hallberg and others (1983).

The monthly summaries of total basin discharge, given in Table 4, highlight
the major recharge/discharge periods of the year. About 22% of the discharge
for the water-year occurred during November and December. Roughly the same
volume of water was discharged during the wet spring months of April and May.
The major rain events in late June/early July resulted in a proportionately
large total discharge in July also. These five months, which comprise about
42% of the year, accounted for 54% of the total annual discharge. The dry,
late summer/early fall months of August, September, and October provide a con-
trast; during this 25% of the year, only 16% of the total discharge occurred.

Total Groundwater Basin and Turkey River Discharges

The hydrograph 1in figure 1 shows only measured discharge from Big Spring.
Total discharge from the groundwater basin to the Turgey River includes
groundwater discharging from two other small springs, as discussed by Hallberg
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Figure 1. Discharge hydrograph from Big Spring; 24-hour precipitation, max-
imum and minimum daily temperatures, temperature and specific con-
ductance of groundwater discharging at Big Spring, for Water-Year
1983.
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Table 4. Monthly summary of groundwater discharge data for the Big Spring basin for water-year 1983.

1982 1983
Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept.

1. Total Monthly

Discharge

Acre-feet 2,038 4,062 4,400 3,080 3,052 3,330 4,760 4,129 3,412 4,211 2,250 2,131

Millions of

cubic feet 89 201 192 134 133 145 207 180 149 183 98 93

Millions of

gallons 666 1,504 1,438 1,004 995 1,085 1,552 1,346 1,112 1,372 733 694

Millions of

cubic meters 2+ 5.7 5.4 3.8 3.8 4.1 59 5.1 4.2 5.2 2.8 2.6
2. Average

Discharge

cfs 33 78 71 50 55 54 80 67 57 69 37 36

cms 0.9 2.2 2.0 1.4 1.6 1.5 2.3 1.9 1.6 1.9 1.0 1.0

mg/d 21 50 46 32 36 35 52 43 37 44 24 23
3.. Maximum

cfs 40.5 295.3 117.6 71.3 213,2 79.4 100.3 76.4 110.3 249.8 50.0 44.5

cms 1.1 8.4 3.3 2.0 6.0 2.2 2.8 2.2 3+l Tal 1.4 1.3

Minimum

cfs 31.9 41.0 54.7 38.9 34.3 49,3 51.3 57.9 50.9 39.6 34.1 34.1

cms 0.9 157 1.5 My 1.0 1.4 1.5 1.6 1.4 1,1 1.0 1.0



and others (1983). Figure 2 shows total basin groundwater discharge, plotted
on a semi-logarithmic scale, for ease of comparison to the discharge record
from Turkey River. The Turkey River hydrograph shows daily discharge, in cfs,
from the U.S.G.S. gaging station at Garber (#4125), 27 river miles downstream
from Big Spring. The Turkey River drainage basin above Garber comprises 1545
square miles (4000 sq. km.), an area roughly 15 times the size of the Big
Spring basin. The parallel nature of the Big Spring and Turkey River hydro-
graphs is striking, and indicates that the responses noted in the Big Spring
hydrologic system are typical of the much larger Turkey River drainage basin,
and are T1likely typical of other "high" base-flow rivers in northeast Iowa
(Hallberg et al., 1983).

Water Balance

From the various hydrologic data collected, a water balance was established
for the Big Spring basin for water-year 1983.

Groundwater Balance

In its simplest form, a groundwater balance for the basin may be written in
the following manner:

Recharge = Discharge + AStorage

where, over the period of concern, recharge is all water entering the Galena
aquifer, discharge 1is all water leaving the aquifer, and Astorage 1is the
change in the volume of water contained ("stored") within the aquifer.

Two major discharge mechanisms exist within the Galena aquifer. First, is the
measured discharge to the Turkey River principally via Big Spring and asso-
ciated springs. During water-year 1983, this amounted to 41,373 acre-feet (51
million m3; Table 5). The other major mechanism is downward leakage to under-
lying aqufiers, chiefly the St. Peter Sandstone (Hallberg et al., 1983). This
was estimated to be approximately 10,000 acre-feet/year (12.3 million m3) by
Hallberg and others (1983). Groundwater withdrawals form wells in the area
are negligible, relative to the above mechanisms.

Hallberg and others (1983) also describe the methods used for estimating
storage changes within the aquifer. For water-year 1983, discharge from the
basin was virtually the same at the beginning and end of the period, in-
dicating no significant changes in storage water volume (figures 1 and 2).

Using the total estimated discharge and storage change volumes, recharge to
the Galena aquifer within the basin may be calculated:

11
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Figure 2. Discharge hydrographs from the Turkey River at Garber and the Big
Spring groundwater basin; nitrate concentrations from the Big
Spring and Turkey River; and atrazine concentration from Big
Spring, for water-year 1983.

12



Spring I Summer Recession

Fall Recharge - Winter Recession

1983

Figure 2, con't. May through July overlaps with preceeding page.

13



Recharge = Discharge + AStorage
(41,373 acre-feet + 10,000) + O acre-feet

51,373 acre-feet (63.3 million m3)

nmnn

Distributed equally across the basin, recharge for the water-year was 9.3
inches (236 mm). Using an estimate of 44.5 inches (1,130 mm) of precipitation
as an average for the basin, groundwater discharge from the basin for the
water-year was about 21% of the total precipitation (Table 5).

Surfacewater Discharge

As described by Hallberg and others (1983), surfacewater in 11% of the Big
Spring basin drains into sinkholes, becoming direct groundwater recharge.
Surfacewater from the remainder of the basin discharges from the basin as
streamflow. Surfacewater discharge from the basin is not continuously gaged,
although limited records are available, as are a variety of methods for
estimating surfacewater discharge from the basin. These methods are summar-
jzed by Hallberg and others (1983), and are used to estimate surfacewater dis-
charge for water-year 1983. These methods, some of which are known to be con-
servative, while others are 1iberal in their estimates, give a range of dis-
charges from approximately 54,600 to_ 87,900 acre-feet (67-108 million m3),
with 69,600 acre-feet (85.8 million m3) considered the best estimate.

Water-Balance Summary

Table 5 summarizes the total water yield for the Big Spring basin for the
water-year. The data and estimates indicate that the total water yield was
approximately 22.0 inches (559 mm), or 49% of the 44.5 inches (1130 mm) of
precipitation that fell within the basin. The remaining 51% of the precipita-
tion was removed from the basin through evapotranspiration processes. This
water yield is high, relative to many Iowa streams, but it is not atypical for
northeast Iowa streams, nor for karst areas in general (Hallberg et al.,
1983). Also, precipitation was far above average for the water-year, causing
somewhat greater than normal rates of groundwater recharge and, considerably
more surfacewater runoff. For example, groundwater discharge from the Big
Spring basin, as a percentage of rainfall, increased only 1% from water-year
1982 to water-year 1983 (see Hallberg et al., 1983) yet the total discharge
increased 11%. For perspective the total water yield for the Turkey River for
water-year 1983 was 19.63 inches, downstream at Garber, and 23.55 inches up-
stream at Spillville (and these figures would not include downward, ground-
water leakage). The discharge for the 1983 water-year for the Turkey River at
Garber was 1,617,000 ac-ft., an increase of 40% over water-year 1982,

14



Table 5. Total water yield from Big Spring basin for Water-Year 1983
(10/1/82 - 9/30/83).

Acre-feet (millions cubic meters)

GW discharge to Turkey River 41,373 (51.0)

GW leakage to St. Peter 10,000 {12.3)

(change in storage) 0 0
Streamflow discharge 69,600 (85.8)

Total 120,973 (149.1)
Precipitation 44,5 inches (1,130 mm)
Water Yield (less change in

storage) 22.0 inches (559 mm)
Water Yield as % of

precipitation 49%

WATER QUALITY MONITORING

As noted, a variety of water-quality parameters were monitored at Big Spring,
the Turkey River, and at a number of stream, tile-line, and well sites within
the basin during the 1983 water-year. The site locations are shown on figures
3 through 5. Figure 3 shows all the major sampling sites in the basin, and
figures 4 and 5 show detailed maps of sampling sites in two sub-basins that
drain to sinkholes. Particularly detailed sampling in the Bugenhagen basin
(figure 4) will be discussed in later sections. As noted a variety of water
quality parameters were measured. The water quality data from all these sites
is tabulated, by site, in Appendix 1.

Nitrate Data From Big Spring

Nitrate concentrations from Big Spring are plotted on figure 2, along with the
total basin groundwater hydrograph and data from the Turkey River. While
there is not a simple, systematic relationship between discharges and nitrate
concentrations, there are trends which show seasonal relationships that are
essentially similar to the relationships previously discussed between precip-
itation, recharge, and discharge. The beginning of fall 1982 was a dry period

15
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Figure 3.

Water quality sample sites in Big Spring study area; circles are
wells and springs; triangles are monthly network wells and springs
from Hallberg et al., (1983); squares are surfacewater sites.
Shaded areas indicate B-Bugenhagen basin on west, and S-Sass basin
on east; details on figures 4 and 5. Shaded line outlines ground-
water basin divide. Complete notations on all sites given in Hall-
berg et al. (1983).
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Figure 4.

BUGENHAGEN BASIN

o - sinkhole j

o \(inrermilynﬂ
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e Tile line
a Surfacewater

Topographic map of Bugenhagen basin, showing sampling sites. Scale
approximately 4 inches =1 mile; 1:15,840; contour interval, 20
feet. (Adapted from U.S.G.S., 1971, Monona, Iowa, 7.5 minute quad-
rangle map.)
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approximately 4 inches =1 mile; 1:15,840; contour interval, 20
feet. (Adapted from U.S.G.S., 1971, Monona, Iowa, 7.5 minute quad-
rangle map.)

with the relatively low, slowly decreasing discharge typical of a baseflow re-
ccession. Nitrate concentrations were also relatively low and constant, gen-
erally below 35 mg/1. The intense rains of November and December caused sig-
nificant infiltration recharge, and leaching of nitrates. Nitrate concentra-
tions increased during this period, and were generally in the range of 45-50
mg/1. Low nitrate 1levels from the last two December samples reflect the
short-term dilution of the groundwater by significant volumes of surfacewater
runin to sinkholes and conduit flow. During January and early February the
winter discharge recession occurred, and nitrate concentrations also slowly
decreased to about 40 mg/1. During snowmelt, meltwater generated high dis-
charges and very low nitrate concentrations. Nitrate levels dipped as low as
14 mg/1 during peak conduit-flow periods; this is the lowest nitrate concen-

tration yet observed at Big Spring since the current monitoring began in No-
vember 1981,

As discharge decreased after snowmelt, nitrate levels quickly returned to the
40-50 mg/1 range for the month of March, which was relatively dry. Many minor
rain events occurred during April and May, causing mainly infiltration re-
charge, rather than runoff, which generated nitrate levels of 45-50 mg/1 for
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much of the period. Prolonged, relatively high discharges (75-100 cfs; 2.1-
2.8 cms) during mid-April, generated mainly by infiltration recharge again,
apparently caused intense leaching of nitrates, pushing nitrate concentrations
to 70-75 mg/1 for about 1 week. At the beginning of this period nitrate
levels increased from about 50 mg/1 to over 70 mg/1 in 24 hours, and nitrate
concentrations decreased in an equally dramatic manner at the end of the
period (figure 2). A similar response was observed following the very heavy
rains and corresponding major discharge event which occurred in late June/-
early July. As the peak flows through the conduit system decreased and the
discharge became dominated by infiltration-recharge, diffuse-flow, nitrate
levels increased well above those preceeding the event, again reaching over 70
mg/1. Nitrate concentrations dropped rapidly a few days later. Intensive
monitoring of discharge, nitrate levels, and other parameters during this
period provide some evidence for the mechanism causing these rapid, dramatic
increases and decreases in nitrate levels, and will be discussed in a later
section.

During the remainder of the water year, no major recharge occurred, as in-
dicated by the discharge hydrograph (figure 1). Nitrate levels generally de-
creased during this recession period, from about 45 to less than 40 mg/]
(figure 2). Minor rains in late October (beginning water-year 1984) resulted

in primarily infiltration recharge, and nitrate concentrations responded by
climbing to over 50 mg/1.

The monitoring during the 1983 water-year substantiates the findings from
water-year 1982. The same general seasonal relationships of nitrate concen-
trations and recharge are observed. Recharge occurs largely during the

snowmelt-spring-early summer period, and again during the late fall-early
winter period.

The magnitude of recharge during these periods is, of course, dependent on the
amount of precipitation; hence, the difference observed between fall 1981 and
fall 1982. During recharge periods, nitrate levels are high. During re-
cession periods, which usually occur in late summer-early fall and again in
winter, nitrate concentrations decrease. The highest nitrate concentrations
occur during periods when large volumes of infiltration-recharge, diffuse-flow
waters dominate the discharge. The lowest nitrate concentrations occur during
recession periods, or when runin, conduit-flow water dominates the discharge;
the Tatter condition is most dramatically observed during snowmelt events.

Nitrate Data From the Monitoring Network

Nitrate concentrations from tile-line discharge water and various points along
Roberts Creek, the major interior surfacewater drainage in the basin, are
shown in figure 6 and 7 with data from Big Spring shown for comparison. Sites
BTL-U and L22T (figure 6) are representative of the tile-line outlets which
drain areas cropped to corn. Samples from these sites, which are indicative
of the quality of infiltrating recharge waters, consistently show the highest
levels of nitrates. Site L23S (figure 6) is a sampling point along a tribu-
tary to Silver Creek, located immediately downstream from where L22T dis-
charges to the creek. The strikingly similar trends in nitrate concentrations

19



at these sites is clear, as is the similar trend of nitrate concentrations be-
tween these sites and Big Spring. Figure 7 shows nitrate levels at two other
surfacewater monitoring points along Roberts Creek. Again, the same general
trends in nitrate levels are observed across the water-year. Figure 8 shows
nitrate levels from the Turkey River, with Big Spring for comparison. Al-
though the drainage basin of the Turkey River is an order of magnitude larger
than the Big Spring basin, weekly samples from the river and the spring
indicate that even most small fluctuations in nitrate levels are coincident.
The parallel nature of the nitrate records from the Big Spring, Roberts Creek,
and the tile lines demonstrate that similar mechanisms and responses to re-
charge deliver nitrate to all parts of the Big Spring basin hydrologic system.
The close coincidence of both the discharge (figure 2) and the nitrate records
from Big Spring and the much Tlarger Turkey River basin indicates that the
recharge-discharge-nitrate concentration relationships documented at Big
Spring operate on a regional scale. Comparison of these data with similar
data for the Cedar River drainage basin, Devonian aquifer system in Floyd and
Mitchell counties reinforces this conclusion (Libra et al., 1984), and
suggests that the findings of the Big Spring investigations are generally
applicable to all of the karst-carbonate terrane of northeast Iowa.

Nitrate-N Discharge

Table 6 summarizes the discharge of groundwater and nitrate-N in groundwater
from the Big Spring basin to the Turkey River for the water year. The flow-
weighted nitrate concentration from Big Spring was 46 mg/1; the mean of all
analyses from the spring was 45 mg/1. These values indicate that average
groundwater nitrate concentrations within the Galena aquifer in the basin were

essentially at the concentration established as the nitrate drinking water
standard by the U.S.E.P.A.

Total discharge of NO3-N in groundwater from the Big Spring basin to the
Turkey River was 1.15 million 1bs (522,000 kg)--approximately 575 tons of ni-
trogen. This amounts to a loss of nitrate-nitrogen of 17.4 1bs-N/acre (19.5
kg-N /ha) for the entire Big Spring basin.

Table 7 summarizes nitrate concentrations and the nitrate-N discharge on a
monthly basis. As previously discussed, during the periods November-
December, May-April, and July, 54% of the discharge for the water-year took
place. Flow-weighted mean concentrations from these months were also above
the annual flow-weighted mean. As a result, during this period, which is 42%
of the year, 58% of the nitrate-N discharge occurred. During the Tow flow
months of August, September, and October, flow-weigthed mean nitrate concen-
trations were 42, 40, and 33 mg/1, respectively, which were below the annual
mean. Only 16% of the total groundwater discharge occurred during this 25% of
the water year, delivering only 13% of the total nitrate-N.

Table 8 summarizes the total water and nitrate-N discharged from the basin for
the water-year. Total nitrate-N discharge is, in addition to the nitrate-N
delivered to the Turkey River in groundwater (discussed above), comprised of
nitrate-N carried by groundwater leaking downward to the St. Peter aquifer and
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Figure 6. Nitrate concentrations over time for Big Spring, tile-line drainage
water (sites 108, L22-T, and BTL-UW) and Silver Creek (site 109,
L23-S.)

the nitrate-N discharged in surfacewater. Nitrate-N Tosses in leakage were
about 203,000 1bs (92,000 kg). Total nitrate-N in surfacewater leaving the
basin was about 1,514,000 1bs (687,000 kg) (the details of these calculations
are given in Hallberg and others, 1983). Total nitrate-N discharged from the
basin was, therefore, about 2,867,000 1bs (1,300,000 kg) --over 1,400 tons of
nitrogen. This is equivalent to 43.3 lbs-N/acre (48.5 kg-N/ha) for the entire
basin; 20.5 1bs-N/acre (22.9 kg-N/ha) in groundwater, and 22.8 1bs-N/ acre
(25.6 kg-N/ha) in surfacewater.

Regional Nitrate-N Discharge from the Turkey River

Nitrate concentration and discharge were also monitored for the Turkey river.
The mass of nitrate-N discharged by the Turkey River at Garber (drainage area
1,545 sq. miles; 2,486 sq. km) was about 26,865,000 1bs-N (12,102,000 kg-N)--
over 13,400 tons of N. On an areal basis, for this regional basin, this
amounts to approximately 27 1bs-N/acre (30 kg-N/ha) for the entire Turkey
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Table 6. 1983 Water-year summary of groundwater and chemical discharge from
Big Spring basin to the Turkey River.
12-Month Summary; 10/1/82-9/30/83
1. Discharge

Total acre-feet 41,373
millions c¢f 1,802

millions cm 51.1
Average - cfs 70.9
cms 2.0

mg/d 46

gpm 31,820

2. Precipitation and Discharge
Precipitation 44.5 inches (1,130 mm)
Discharge 9.3 inches (236 mm)
Discharge as % of 21%
precipitation
3. Nitrate Discharge
Concentration--
Flow-weighted mean 46 mg/1
Mean of analyses 45 mg/1

NO3-N total output

thousands 1bs N 1,150
(thousands kg N) (522)
1bs/acre of basin 17.4
(kg/ha of basin) (19.5)

4. Atrazine discharge

Concentration--
Flow-weighted mean 0.28 pg/1
Mean of analyses 0.72 nug/1
Total Output
pounds 31,2
(kg) (4.2)
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Table 7. Monthly summary of nitrate-N output with groundwater discharged from the Big Spring basin to the Turkey
River; 1983 water-year.

1982 1983
Det. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept.

1. Flow-weighted

mean NO3 con-

centration,

in mg/1 33 47 47 48 33 41 54 47 47 56 42 40
2. Mean of NO3

analyses, in

mg/1 33 45 47 49 26 40 57 46 47 55 42 41
3. Total monthly

NO3-N output

Thousand Tbs-

NO3=N 40 132 127 90 62 82 154 117 97 141 57 51

Thousands kg-
NO3-N 18 60 57 41 28 31 70 53 94 64 26 23



Table 8.

1.

water-year; 10/1/82-9/30/83.

Water Yield

A. Groundwater discharge to Turkey River

B. Groundwater leakage (to St. Peter)

C. Change in groundwater storage
Total Groundwater Discharge (1A+1B)
D. Streamflow discharge

Total Water-Yield

Precipitation and Discharge

A. Precipitation

B. Water Yield, less change in gw storage

C. Water yield (as 2B)
as % of precipitation

N-discharge
A. NO3-N, gw output to Turkey River
B. NO3-N, gw leakage

NO3-N output in groundwater
C. NO3-N, in surfacewater discharge

Total NO3-N output

D. 1bs-N/acre of basin
(kg-N/ha of basin)

25

Ac-ft
41,
10,

(0
51,

373
000

)
373

69,600

120,973 Ac-ft

Total water and nitrate yield from Big Spring basin for the 1983

44 .5 inches (1,130 mm)

22.0 inches (559 mm)

49%

Thousands Pounds-N
(Thousands kg-N)

Total

43.3
(48.5)

1,150
(522)

203
(92)

13353
(614)

1,514
(687)

2,867
(1,300)
GW

20.5
(22.9)

SW

22.8
(25.6)



River basin. In considering losses to agriculture, this is a minimum value in
many respects, because it does not include the other forms of N that are lost
in the Turkey River water, it does not account for in-stream N-use or gaseous
losses, and because the acreage figure includes all the Tland areas, e.g.,
forested area as well as cropland. This compares favorably with the 43 1bs-
N/ac (49 kg-N/ha) calculated for the Big Spring basin. Also, the ratio of N-
loss/ac, between the Big Spring basin and the Turkey River basin was very sim-
ilar for water-years 1982 and 1983 (1.4 and 1.6). Again, this suggests that
the results and conclusions from Big Spring are clearly useable on a regional
basis in Iowa.

Pesticide Monitoring - Big Spring

Samples for pesticide analysis were collected from Big Spring on a weekly to
bi-weekly basis during the water-year. More intensive sampling was carried
out during high discharge events. Results are plotted on figure 2. Atrazine
is the most commonly detected pesticide found in the springs's discharge.
Other species detected during the water-year, usually during high-discharge
events, include Bladex (cyanazine), Lasso (alachlor), Dual (metolachlor), and
Dyfonate (fonofos). Dieldrin (an insecticide no longer in use) was detected,
attached to sediment/organic particulates discharged from the spring. The re-

sults of all pesticide analyses from Big Spring are tabulated on Table 9 (and
in Appendix 1).

During the beginning of the water-year, until snowmelt occurred in mid-
February, atrazine concentrations were generally between 0.1 and 0.2 ug/1,
falling to a constant 0.1 ug/1 during the winter baseflow recession. Occa-
sional samples showed minor increases, possibly related to the major fall
rains. However, sampling was not sufficiently detailed during this period to
isolate these major storms. Melting of the winter snowpack in February de-
livered surface-runoff/runin recharge to the aquifer. Atrazine concentrations
increased during this period, reaching 0.85 ng/1. Atrazine levels decreased
after the snowmelt period, and, with minor exceptions, did not exceed 0.2 pg/1
until mid-May. Atrazine concentrations of 0.1 -0.2 pg/1, therefore, may be
considered as the average background level 1in Big Spring discharge, during
periods when insignificant runoff recharge occurs and baseflow discharge is
dominant. Late spring and summer rains, particularly in May and late June/-
early July, caused a series of minor to major runin-recharge, conduit-flow
events. These events were monitored closely for discharge and chemical water-
quality parameters. Pesticide monitoring indicated the presence of atrazine,
Bladex, Lasso, Dual, and Dyfonate. Maximum concentrations of the above
chemicals during this period were: Atrazine, 5.1 wug/1; Bladex, 1.2 ug/1;
Lasso, 0.63 ug/1; Dual 0.62 ug/1; and Dyfonate, 0.11 pg/1. (Details of the
monitoring during this period will be presented in a later section.) These
elevated levels decreased rapidly as the conduit-flow discharge receeded.
During the remainder of the water-year, only minor runoff recharge events
occurred and with a few exceptions, atrazine was the only pesticide detected
at Big Spring, persisting at concentrations of 0.1-0.2 pg/1.
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Table 9. Results of UHL analyses for pesticides in water and sediments from
Big Spring.

Date
Time Analysis ug/1 (ppb) Atrazine Bladex Lasso Dual Dyfonate

Water Year 1982

10/27/81 N.D. in water, or
sediments in raceway.
11/10/81 N.D. in water, or
sediments in raceway.
12/15/81 N.D. in water.
2/25/82 N.D. in water (or any
wells or surfacewater).
3/22/82 N.D. in water; 0.65 Dieldrin
in sediments collected from
spring.
5/12/82
5/18/82
5/27/82
5/28/82
6/01/82
6/08/82
6/15/82
6/23/82
6/29/82
7/06/82
7/07/82
7/08/82
7/13/82
7/21/82
7/28/82
8/03/82
8/25/82
9/07/82
9/22/82

o

0.15

L ]
MW WwaEERN~NPRMN RS
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Begin Water Year 1983

10/05/82 0.19
10/12/82 0.20
10/26/82 0.18

End Water Year 1982 (See Text for Explanation)
11/03/82 0.10

(sediment-3.6 Dieldrin; 5.1 Atrazine)
11/16/82 0.19
11/30/82 0.11
(sediment-1.1 Dieldrin; 5.0 Atrazine)
(sediment-8.0 Dieldrin)

12/07/82 0.22
12/14/82 0.17
12/21/82 0.16
12/28/82 0.12
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Table 9. Cont'd.

Date
Time

12/29/82
1/04/83
1/11/83
1/18/83
1/25/83
2/08/83
2/20/83

8:30am
2/21/83
8:20am
7:15pm
2/22/83
9:1bam

3/01/83
3/08/83
3/15/83
3/22/83
3/29/83
4/05/83
4/12/83
4/19/83
4/26/83
5/05/83
5/10/83
8:30am
5/17/83
5/18/83
5/19/83
5/22/83
5/24/83
5/31/83
6/07/83
6/17/83
6/22/83
6/27/83
5:00pm
6/28/83
11:25am
5:30pm
6/30/83
12:30am
10:40am
4:00pm
10:20pm

Analysis ug/1 (ppb)

Atrazine Bladex

Lasso

Dual

Dyfonate

0.41

0.67
0.72

0.88
(9.2 Atrazine
0.32
0.16
012
0.11
0.10
0.14
0.16
0.10
0.10
0.15

oOoCcooooOo0O0O0OO0O0o
L] .

NN NN N

W PO WO
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in sediment)

0.15

0.15
0.19
0.08

0.08

0.24
0.32
0.09

0.41



Table 9. Cont'd.

Date
Time Analysis ug/1 (ppb) Atrazine Bladex Lasso Dual Dyfonate

7/01/83
6:00am 1.60 0.36 0.38
9:30am 2,10 0.19 0.28
11:30am 2.30 0.76 i 0.39
1:50pm 2.10 0.62 0.36 0.62
6:00pm 4,70 0.43 .- 0.63

10:20pm 3.80 1.20 0.62 0.25 0.11
7/02/83
1:30am Dl o057

Atrazine and 0.6 Dieldrin in sediment)
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9:45pm
7/05/83
4:30pm
7/08/83
7/12/83
7/19/83
7/26/83
7/29/83
8/02/83
8/09/83
8/16/83
8/23/83
8/30/83
9/06/83
9/13/83
9/20/83
9/27/83
10/03/83
10/04/83
10/11/83
1:10pm 0.18
10/12/83
8:00am 0.20
10/18/83 0.32
10/25/83 0.20
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End Water Year 1983

11/01/83 0.24
11/08/83 0.18
11/15/83 0.21
11/22/83 0.42
11/29/83 0.22
12/06/83 0.19
12/13/83 0.16

1/04/84 0.13
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Atrazine Discharge

The mass of atrazine discharged from Big Spring can be calculated in the same
fashion as nitrate-N discharge. The total atrazine output in groundwater dis-
charged from the basin (Table 6) during the water year was 31.2 Tbs (14.2 kg).
The flow-weighted mean concentration 1in groundwater was 0.28 ug/1, while the
mean of all analyses was 0.72 ug/1. These means for atrazine do not cor-
respond as well as those for nitrate. This is a reflection of the fewer
number of samples collected, and the fact that the most intensive sampling for
pesticides was done during runin, conduit-flow periods when the highest con-
centrations of pesticides occur.

As in water-year 1982 the number of surfacewater analyses for pesticides was
not sufficient to allow for the calculation of the amount of pesticides dis-
charged in surfacewater. However, as discussed by Hallberg and others (1983)
the concentrations of pesticides in surfacewater generally range from 10 to
100 times greater than those found in groundwater. Even at this rate the mass
of pesticides discharged with the water from the basin is small, and is
estimated at about 5% of that applied.

Hydrograph Separations: Runin and Infiltration Components of
Groundwater Discharge

The total basin, groundwater hydrograph was separated into diffuse-flow or
base-flow (infiltration) and conduit-flow (surfacewater runin) components,
using the methods described in Hallberg and others (1983). The values given
here are based on methods modified from Singh and Stall (1970), as outlined by
Hallberg and others (1983). Estimates were made of the mass and mean concen-
tration of nitrate and atrazine carried in these components, from the detailed
analyses of various discharge events. The significance of these flow com-
ponents, their recharge mechanisms, the relationship between recharge
mechanisms and chemical mobilization, and their implications for agricultural
management practices are discussed in Hallberg and others (1983). Further
description and verification of the applicability of these methods will be
discussed in the section on particular discharge events, later in this report.

Table 10 summarizes the results of the hydrograph separatiops. Base flow
during the water-year was about 37,00 acre feet (45.5 million m3), 89% gf the
total discharge. The remaining 11%, or 4,500 acre-feet (5.6 million m®) was
discharged as peak-conduit flows following major rainstorms and the spring
snowmelt.

Base flow carried with it approximately 1.1 million pounds (500,000 kg) of
nitrate-N or 95% of the total nitrate-nitrogen discharged for the water-year.
The flow-weighted mean nitrate concentration in baseflow was 49 mg/1. Peak
conduit-flows delivered about 57,000 1bs (26,000 kg) of nitrate-N, at an aver-
age, flow-weighted nitrate concentration of 22 mg/1. Base flow shows an en-
richment in nitrate, relative to conduit flows, because nitrate 1is mobilized
by groundwater infiltrating through the soil horizons, where the nitrate is
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stored. Surface runoff that enters the groundwater via sinkholes ("runin"
water) dilutes the nitrate concentration in water discharging from Big Spring;
this is particularly true in runoff generated by melting snow.

Base flow discharge to the Turkey River delivered about 16.7 1bs (7.6 kg) of
atrazine; about 53% of the total atrazine load for the water-year. The flow-
weighted mean concentration of atrazine 1in baseflow was 0.16 ug/1. Conduit
flows carried the remaining 14.5 1bs (6.6 kg) of atrazine, at an average,
flow-weighted concentration of 1.20 ug/1. This is consistent with the pre-
vious observations (see Hallberg et al., 1983) that indicate atrazine, and
other moderately adsorbed pesticides, are enriched in surface runoff, relative
to the infiltrating water that supplies baseflow to the spring.

As noted by Hallberg and others (1983) and Libra and others (1984), although
the runin, conduit-flow component carries the greatest concentrations of
pesticides into the groundwater system, the base flow, or infiltration com-
ponent still delivers the majority of the soluble pesticides into the ground-
water system, over the course of a water-year.

Comparison of 1982 and 1983 Water-Years

A comparison of the data for the two complete water-years of monitoring pro-
vides some interesting perspectives. The data are summarized on Table 11.

Precipitation was above average in both water-years (WY), but in WY-1983 was
31% more than in WY-1982. As a consequence, the water-yield for the water-
year increased approximately 47% (67% if changes in groundwater storage are
subtracted); with streamflow discharge about twice (100% increase) that of WY-

1982, and the groundwater discharge (disregarding discharge from storage) in-
creasing 37%.

The change in groundwater storage in WY 1982 cannot be removed easily from the
components of groundwater discharge or from the chemical discharge figures.
Thus, total figures are shown on Table 11. Runin-conduit flow increased sig-
nificantly (34%), as would be expected from the large increases 1in streamflow
recorded in WY-1983. If the total change in storage for WY-1982 is removed

from infiltration-base flow, then this component would show an increase of 52%
in WY-1983.

Total NO3-N discharged from the Big Spring basin also increased substantially
(58%); the equivalent lost from the basin increasing from approximately 27
1bs-N/acre (20 kg-N/ha) to over 43 1bs-N/acre (48 kg-N/ha). This increase re-
sults from two inter-related factors: 1) the 1large increase in water dis-

charged; and 2) the increase 1in the nitrate concentration in the groundwater
recorded in WY-1983.

The nitrate concentration in streamflow was essentialy the same in WY-1982 and
WY-1983.  Thus, the increase in NO3-N discharged is proportional to the in-
creased volume of water discharged. For the groundwater, however, the flow-
weighted mean concentration increased 18%, from 39 mg/1 to 46 mg/1. As shown
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Table 10. Components of groundwater and chemical discharge for water-year
1983, from Big Spring basin to Turkey River.

Water-Year 10/1/82-9/30/83

1. Discharge

Conduit (Runin) Flow

acre-feet 4,502

millions cf 196

millions cm 5.6

% total 11%
Base (Infiltration) Flow

acre-feet 36,871

millions cf 1,606

millions cm 45.5

% total 89%

2. Nitrate Output

Peak Conduit Flow; NO3-N (flow-weighted mean NO3-22 mg/1)
thousand 1bs b7

(thousand kg) (26)
% total 5%
Base Flow; NO3-N (flow-weighted mean NO3-49 mg/1)
thousand T1bs 1,093
(thousand kg) (496)
% total 95%

3. Atrazine Output (5/6/82-10/31/82)

Peak Conduit Flow

Flow-weighted mean concentration 1.20 ug/1
Total pounds 14.5
(Total kg) (6.6)

% Total 47%

Base Flow

Flow-weighted mean concentration 0.16 ng/1
Total pounds 16,7
(Total kg) (7.6)

% Total 53%
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on figure 9, there were few comparable periods when the nitrate concentration
in groundwater was not greateer in WY-1983 than in WY-1982.

Similar changes are noted regionally as well. Total water yield to the Turkey
River increased 40 % at Garber and 71% at Spillville. Nitrate-N discharged
form the Turkey River basin at Garber increased 42%, from an equivalent of 19
1bs-N/ac (21 kg-N/ha) to 27 1bs-N/ac (30kg-N/ha).

The amount of atrazine discharged in groundwater from the basin, while still
quite small compared to NO3-N, increased even greater proportionally--120%
from WY-1982 to WY-1983., The atrazine discharged in the runin-conduit flow
component increased 530%; most of which occurred during the peak discharges of
late June-early July. Of more general significance is the 40% increase in
atrazine discharged 1in the infiltration-base flow component. This occurred
even though the flow-weighted mean atrazine concentration was similar. Most
of this increase occurred because atrazine was present in the groundwater
year-round in WY-1983, while in WY-1982 it was not detected during the fall
and winter recession period. In addition, more pesticide species were de-
tected in groundwater in WY-1983, and the highest concentrations of each de-
tected pesticide occurred at Big Spring in WY-1983 (Table 12). The occurrence
of pesticides, other than atrazine, in the groundwater at Big Spring was still
common only during periods related to runin-conduit flow. However, some of
these pesticides have also been detected year-round in groundwater in Floyd
and Mitchell counties (Libra et al., 1984),

For perspective, only a very few of the pesticides used in the area have been
detected in the groundwater (compare Tables 12 and 2). However, those found
in groundwater are, by far, the most commonly used pesticides in the basin.
Also, the analyses have only been for the parent products; no analyses have
been performed which might identify metabolites or breakdown products of other
pesticides.

These substantially greater losses of agriculturally-used chemicals occurred
despite the significant reductions in total application of fertilizer-N and
pesticides (primarily because of decreased corn-acreage) which took place be-
cause of the PIK program. This should be expected, however. It takes time
for the soil-groundwater system to respond. Significant amounts of these
chemicals are stored in the soil-water system, related to leaching Tlosses be-
low the root zone over many years (this will be further discussed 1in later
sections dealing with soil sampling). These chemicals remain in storage, only
to be mobilized and displaced during subsequent infiltration events. It will
take some amount of time before the effects of PIK are measureable (if such a
one-year change is measureable!). Figures 10 and 11 help to emphasize this
point. They show a plot of total groundwater discharge on a monthly basis,
versus the flow-weighted mean nitrate concentration in groundwater and total
load of NO3-N discharged in the groundwater for that month. Some seasonal
groupings are apparent, and excluding March of 1982, which was dominated by
snowmelt runin - dilute in nitrate - significant simple Tlinear relationships
are apparent. Both data sets show simple linear regression relationships
significant at the 0.001 level (using SAS and ANOVA statistical packages).

Total load versus total discharge (figure 11) shows a stronger re]a@ionship
because the NO3-N load is the product of the concentration and water discharge
(but on a daily basis). However, this still serves to normalize the data to a
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Table 11. Comparison of total water and chemical discharge from the Big Spring basin
for 1982 and 1983 water-years (1982 data from Hallberg et al., 1983?.

Water-year Percentage1
1982 1983 Change
1. Water Yield
Total Groundwater discharge 47,400 51,373 +8%
(58.5) (63.4)
Groundwater discharge, less 37,400 51,373 +37%
change in storage (46.1) (63.4)
Streamflow discharge 34,750 69,600 +100%
(42.9) (85.9)
Total Water Yield 82,150 120,973 +47%
(101.3) (149.2)
2. Precipitation and Discharge
Precipitation 34 in 44.5 in +31%
(864 mm) (1130 mm)
Water Yield (less change in 13 in 22 %n +69%
groundwater storage) (332 mm) (559 mm)
Water yield as % of precipitation 38% 49%
3. Components of groundwater
discharge to the Turkey River
cre/feet (miTTions cubic meters)
Runin - Peak Conduit Flow 3,360 4,502 +34%
(4.1) (5.6)
Infiltration - Base Flow 34,040 36,871 +8%
(42.0) (45.5)

4, Nitrate-N Discharge

Flow-weighted mean NO3 concen- 39 mg/1 46 mg/1 +18%
tration in groundwater

Thousand pound-N
(Thousands kg-N)

NO3-N discharged in surfacewater 1,053 1,853 +28%
(478) (614)

NO3-N discharged in groundwater 756 1,514 +100%
(343) (687)

Total NO3-N discharged 1,809 2,867 +58¢
(821) (1,300)

1bs-N/acre of basin 27.4 43.3 +58%
(kg=N/ha of basin) (30.7) (48.5)

5. Atrazine Discharged in Groundwater Pounds
(kg)

In Runin-Peak Conduit Flow 243 14.5 +530%
(1.1) (6.6)

In Infiltration-Base Flow 11.9 16.7 . +40%
(5.4) (7.6)

Total Atrazine Discharged 14.2 31.2 +120%
(6.5) (14.2)

- -

! (Difference between 1982 and 1983 values) x 100
1982 value
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Figure 9. Comparison of nitrate concentrations at Big Spring for 1983 (black)
and 1982 (gray) water-year.

common frame of reference. Excluding March 1982 the r?2 for these data (figure
11) is 0.94. As discussed, 90-95% of the discharge from Big Spring is from
infiltration-base flow or the diffuse-flow component. The inference from such
a strong relationship is that the amount of NO3-N discharged over these two
water years is essentially a function of how much water was flushed, or dis-
placed, through the soil-water system into the groundwater. This is Togical;
as more water infiltrates through the soil it would more effectively and
efficiently displace NO3 deeper into the system and into the aquifer. This
factor also explains why nitrate concentrations during low-discharge, ground-
water recession periods, were higher in 1983 than 1982. As nitrate is dis-
placed deeper in the soil-subsoil system, more nitrate would continue to be
delivered to groundwater even as the water-table (potentiometric) surface
lowered during recession. As the water-table surface lowers it is draining
from lower subsoil horizons which generally contain less nitrate. This rela-
tionship also suggests that there was a relative balance in the amount of NO3-
N available (among storage, displacement, and additions) in the soil-water
system. Future deviations from this relationship may allow the determination
of the impact of PIK landuse and chemical-use changes.

NO2-N Losses and Landuse

The time lag between changes 1in chemical land-treatment and changes in chem-
ical quality in the groundwater (combined with the differences between crop-
years and water-years) point out the problems in comparing the water-quality
data from a given year with that year's landuse. However, during the period
from about 1979 to 1983 Tlanduse (and treatment) were relatively constant in
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Table 12. Maximum measured concentrations for various, currently used, pest-
jcides found in groundwater at Big Spring for WY-1982 and -1983.

WY-1982 WY-1983
Herbicides ng/1 ug/1
Atrazine (atrazine) 2,5 (10.0) 5.1
Bladex (cyanazine) 0.70 (0.50) 1.2
Lasso (alachlor) 0.15 (6.00) 0.63
Dual (metolachlor) ---  (0.25) 0.62
Insecticides
Dyfonate (fonofos) -— 0.11

(Data in parentheses form Dutton's Cave Spring.)

the Big Spring basin (particularly compared to the large changes related to
PIK in 1983). Thus, some comparisons provide useful perspectives on the NO3-N
losses. Table 13 summarizes the NO;-N losses for WY-1982 and 1983 in relation
to landuse and Tand area in the basin.

As previously discussed, the NO3-N discharged increased from an equivalent of
27 1bs-=N/ac (31 kg-N/ha) to 43 1bs-N/ac (49 kg-N/ha). In the perspective of
the acreage that has been in corn over the long-term (3-5 years in various ro-
tations), the amount of N lost increased from 47 1bs-N/ac (52 kg-N/ha) in WY-
1982 to 74 1bs-N/ac (83 kg-N/ha) in WY-1983. Table 13 also shows the N-losses
in relation to 1982 and 1983 corn acreages. Again for perspective, the total
NO3-N losses in WY 1982 were equivalent to 33% of the applied fertilizer-N for
1982; the N-losses in WY-1983 were equivalent to 53% of 1982 applied chemical-
N. The WY-1983 N-losses were equivalent to 83% of the chemical-N applied in
the 1983-PIK year, but as noted, it is not reasonable to compare these
figures.

The comparison of WY-1983 N-losses with the 1982 chemical-use data is reason-
able, as discussed, because of the more constant antecedant Tlanduse/ chemical
treatment and apparent relative balance in the groundwater-chemical system.
Thus, it is fair to summarize that 1in northeast Iowa during a relatively wet
year, such as WY-1983, an amount of N equivalent to about 50 % of the chemical
fertilizer-N applied may be lost into groundwater-surfacewater supplies as NO3
alone. This is a minimum figure, because it does not account for other forms
of N that may be discharged with the water. These figures also do not con-
sider other losses of fertilizer-N (or other available-N) from volatilization
and perhaps denitrification. This figure of 50% while seemingly large 1is in
good agreement with many other studies (as summarized in Libra et al., 1984;
and as will be discussed in later sections of this report).
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Figure 10. Total monthly water discharge at Big Spring vs. monthly flow-
weighted, mean nitrate concentration at Big Spring .

MONITORING OF MAJOR DISCHARGE EVENTS

Two major and several minor runoff-discharge events were monitored in detail
during the 1last year of study. The major runoff events included the
main snowmelt period, 2/14/83-2/27/83, and the aftermath of a series of heavy
rains, between 6/26/83-7/3/83. Data collected during these periods, and a
discussion of the interpretation of this detailed data collection, are pre-
sented below.

Snowmelt Period Discharge Events -- 2/14/83-2/27/83

The snowmelt period is blocked out on figures 1 and 2, which show the dis-
charge, climatic, and major chemical parameters monitored at Big Spring. Com-
parison of daily air temperature extremes and the discharge record indicates
that minor melting and recharge began about 2/13/84, when daily maximum
temperatures exceeded 40°F (4.4°C). Maximum temperatures above 50°F
(10.0°C) on 2/19/83-2/20/83 caused major melting and recharge, with discharge
exceeding 200 cfs (5.6 mcs) at Big Spring on 2/21/83. Minimum temperatures
from 2/19/83-2/21/83 were essentially at 32°F (0°C), indicating that melting
was probably continuous, although the rate of melting undoubtedly slowed
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Figure 11. Total monthly water discharge at Big Spring, vs. total monthly ni-
trate discharge at Big Spring.

during the late evening and early morning hours. The effects of meltwater re-
charge on measured parameters is clearly shown on figures 1 and 2. Ground-
water temperatures decrease from about 46°F (8°C) to about 40°F (5°C ),
Specific conductance decreases from 650 to less than 300 umhos/cm?, reflecting
the 1low dissolved solids content of the meltwater and indicating limited
interaction between the meltwater and the soil matrix and the aquifer. Ni-
trate concentrations decrease from about 40 mg/1 to a low of 14 mg/1. Atra-
zine concentrations increase from the normal background level of 0.1-0.2 ng/l
to almost 1.0 pg/1.

Figure 12 is a detailed plot of discharge and nitrate concentrations for the
snowmelt period. Peak discharge during the period 2/20/83-2/24/83 occur
daily, roughly at midnight. These daily peaks in the hydrograph are Tlikely
related to changes in the rate of melting, which result from diurnal temper-
ature variations. Major melting probably began to occur daily at 0900 to 1100
hours. As meltwater forms and becomes recharge, the potentiometric surface
below recharge areas rises and groundwater flow rates increase. Discharge at
Big Spring begins to rise, in response to the rising potentiometric surface
below recharge zones, at 1200-1400 hours, peaking roughly at midnight. As
much of the soil was still frozen during this period and the discharge at Big
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Table 13. Summary of nitrate-N loss from the Big Spring basin in relation to
landuse for 1982-1983 water years.

Total NO3-N discharged from basin in 1bs-N/acre (kg-N/ha) equivalent.

1982* 1983
1bs-N/acre of basin 27 43
(kg-N/ha) (31) (49)
1bs-N/acre of long-term row crop 47 74

(1land in corn rotation)

(kg-N/ha) (52) (83)
1bs-N/acre corn - 1982 acreage 58 93
(kg=-N/ha) (65) (104)
1bs-N/acre corn - 1983 (PIK) acreage 123
(kg=N/ha) (138)
% of applied chemical-N, 1982 33% 53%
% of applied chemical-N, 1983 (PIK) 82%

* Data from Hallberg et al., 1983.

Spring 1is highly diluted, much of this recharge must have been occurring as
runoff to sinkholes, and as macropore flow (directly or indirectly). The time
of travel from major sinkhole areas to Big Spring, measured during dye traces,
is at least 18 hours (Heitman, 1972; Hallberg et al., 1983; also see dis-
cussion of 6/26/83-7/22/83 period, this report).

The very short time interval between the onset of major melting and the be-
gining of daily discharge increases suggests that substantial portions of the
conduit-flow system are inundated under high discharge conditions (minimum
discharge preceeding a diurnal discharge peak for the period 2/20/83-2/24/83
was 85 cfs, or 2.4 cms). The recharge effects during this snowmelt period
must be tranferred as a pressure wave through the system, because the increase
in discharge takes place almost immediately. Note that the pressure effects
are not completely efficient, as the offset between peak melting and peak dis-
charge is about 9 hours (assuming that peak melting occurs daily at about 1500
hours).

Discharge peaks were not accompanied by the Tlowest nitrate concentrations,
rather they arive 12-14 hours later (figure 12). This offset, or lag-time be-
tween discharge peaks and lowest nitrate levels occurs because the water with-
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in the conduits, prior to major daily melting, must be flushed out, or dis-
placed, before the new daily recharge water actually reaches the spring. This
is analagous to the displacement water noted by Hallberg and others (1983) for
the Big Spring flow system. Again, noting that peak discharge occurs at mid=-
night, with lowest nitrate levels 12-14 hours later, groundwater travel times
from sinkhole basins to Big Spring of 21-23 hours are indicated, similar to
the high discharge condition travel time noted during dye traces and other
discharge events.

The preceeding discussion is 1largely limited to the hydrologic and chemical
effects of meltwater recharging the conduit-flow parts of the Galena aquifer
via sinkholes. The rapid hydrograph responses and chemical characteristics of
discharge water indicate this is the dominant process occurring, during much
of the period. Infiltration will be limited until the soil zone thaws and
allows more complete downward percolation of meltwater. Initially, infiltra-
tion must be confined to flow along macropores, particularly frost fractures
and other zones of secondary permeability. The response time of the macropore
zones to recharge would likely be slower than that associated with runoff re-
charge and conduit flow, but considerably faster than that of infiltration-
displacement flow through the soil matrix.

The frozen matrix of the soil, where the bulk of the soluble chemicals are in
storage, remains largely isolated from this macropore flow, and thus, chem-
ically the macropore-water resembles snowmelt-runoff water and is dilute in
nitrate. This is shown by the change in nitrate concentrations in the tile-
drainage water (figure 6, Appendix 1). The tile-line waters are a representa-
tion of the shallow-infiltrating groundwater, moving through the soil profile.
During snowmelt the water discharge from the tile lines increased but nitrate
concentrations dropped sharply by 30-70% (in both 1982 and 1983 monitoring,
see Hallberg et al., 1983). Yet as melting continues, and the soil matrix
thaws, nitrate concentrations rise back to the level they were at prior to
snowmelt. If this initial infiltration water, recharging the tile drainage,
were true displacement flow the nitrate concentrations would not abruptly de-
crease and then rise again to their prior levels. As the soil thaws the in-
filtration water begins to interact with increasing amounts of the soil
matrix, and thus it will begin to displace the matrix-held chemicals, such as
nitrates, with the infiltration water. The point 1in time where chemicals,
such as nitrate, and various infiltration mechanisms begin to function, and
the rate at which the volume of water (and chemicals) transported by these
mechanisms increases is unclear, and probably varies areally across the basin.

The increase in atrazine concentration, concurrently with the decrease in ni-
trate at Big Spring is somewhat anomalous. The high concentrations of soluble
pesticides that occur in runoff-runin recharge water generally come from the
interaction of the surfacewater with the soil; from contact with the soil
surface and soil-particles during sheetwash, and by very shallow lateral
macropore flow (or interflow) down the hillslope. As discussed, this inter-
action could not take place during the early snowmelt period, because the soil
was frozen and generally covered with snow. Yet, atrazine concentrations in
groundwater at Big Spring rose to the second-highest level recorded in the
monitoring to that date (0.88 ug/1).

The high snowmelt discharges at Big Spring were marked by high suspended
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sediment loads. The sediment was derived from the beds and banks of surface
streams that run into sinkholes, as well as from sediment stored in the sub-
surface conduits themselves. Samples of this suspended sediment were analyzed
(Table 9, Appendix 1) and they contained 9.2 ug/kg of atrazine attached to the
sediment and/or organic matter. Thus, it 1is likely that increased atrazine
concentration in the groundwater was related to mobilization of atrazine which
was stored with sediment within the stream channel/karst-conduit system.

The relationships discussed above helps define a conceptual framework for the
delivery of recharge water and associated chemicals during the snowmelt
period. Melting generates runoff-runin recharge during the late-morning and
early-afternoon hours. The discharge at Big Spring begins to respond to this
recharge at 1200-1400 hours, peaking near midnight, and then recessing until
the next daily cycle begins. The most dilute (in terms of nitrate) recharge
water reaches Big Spring 12-14 hours after peak discharge occurs, probably 20-
24 hours after peak melting and recharge. These processes are probably dom-
inant through 2/24/83, after which dramatic hydrograph peaks no longer
oEcur.

While the above runoff recharge processes are occurring, the soil zone 1is be-
ginning to thaw. Until this occurs, infiltration of meltwater into the soil
matrix, leaching of chemicals from within the matrix, and movement of frozen
soil water out of the matrix will not occur. Initially, infiltration recharge
is likely restricted to macropores, frost fractures, and other zones of en-
hanced permeability which remain open or thaw out quickly. This macropore-
flow water will contribute to aquifer recharge both directly and indirectly:
directly as it percolates into fractures/macropores in the rocks of the
aquifer; and indirectly as it contributes to streamflow, through tile-drainage
and shallow groundwater seepage, which drains 1into sinkholes or Tlosing
reaches. However, in early stages of the snowmelt this water will chemically
resemble the runoff water. Then as the soil matrix thaws, less rapidly moving
water will begin to Tleach matrix-held chemicals and deliver them to the
groundwater system.  Thus, the volume, rate of movement, and chemical char-

acter of the infiltration-water component will change across the snowmelt
period.

Thus, the groundwater discharging at Big Spring during snowmelt will be a com-
plex mixture of: runoff-runin recharge 1in the conduit flow system; ground-
water coming from storage within the diffuse-flow parts of the aquifer; and
infiltration-recharge water which will change in character over time. Propor-

tions of this mixture will vary, particularly with the rate of runoff re-
charge.

Hydrograph Separation

Separation of the snowmelt-period hydrograph into infiltration recharge
diffuse-flow and runin-recharge, conduit flow components was attempted using
the methods described by Hallberg and others (1983): an analytical method and
a method based on measured physical or chemical parameters. The separations
are complicated by a number of factors. First, the large daily variations in
discharge give the hydrograph a complex multi-peaked form. Second, while
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periods of major melting and surface runoff/runin recharge are readily iden-
tified by the hydrograph response, some melting and runoff occurred virtually
throughout the period; no single, defined period of runoff exists. Third, un-
certainties exist as to the importance and mechanism (macropore vs. matrix
flow) of infiltration recharge across the period. The analytical separation
of the hydrograph assumes infiltration occurs without the presence of a slowly
disappearing flow barrier such as the frost zone. Fourth, chemical separa-
tions are hampered by the number of flow components that may be present, each
with differing chemical characteristics: true meltwater runoff; groundwater
stored within the diffuse-flow parts of the aquifer; macropore-flow water, and
matrix-infiltration water. Separation of any discharge hydrograph into only
two components of flow is an over simplification of a complex series of
processes. However, when the separations are considered in light of the con-
ceptual framework of hydrology and chemical delivery described in the previous
section, they provide insights into the nature of those complex processes, and
therefore a better understanding of the system.

Analytical separation of the hydrograph from this period (figure 13) indicates
that of the 2025 acre-feet (2.50 million m3) of water discharged about 1300
ac-ft (1.60 million m3), or 64%, was supplied by diffuse flow. If sufficient
data were available on the concentrations of constituents (pesticides,
organic-N, ammonium-N, etc.) mobilized in the runoff water, the analytical
separation could be checked for consistancy (see section on separation of
6/26/83-7/22/83 hydrograh, for example). As detailed data were not available,
the results of the analytical separation for this complex event are somewhat
speculative, but are presented here for comparative reasons.

Nitrate concentrations were monitored in some detail at Big Spring (figure 12)
during this period and these data were also used to separate the hydrograph
(see figure 14). A two component mixing model was used. Required data in-
clude: 1) total groundwater discharge at Big Spring; 2) measured nitrate con-
centration at Big Spring; and 3) estimated nitrate concentrations in each
component. Initial estimates were: 40 mg/1 nitrate in the diffuse-flow
component, based on measured concentrations during groundwater base-flow at
Big Spring, before and after the snowmelt period; and 10 mg/1 nitrate in the
surface runoff recharge component, based on measured surfacewater concentra-
tions of 7-14 mg/1 during the period. Results of this separation are shown on
figure 14. The problems with the separation are readily apparent. The
diffuse-flow hydrograph indicates changes in diffuse flow that are almost as
rapid as the total hydrograph variations, an unrealistic conclusion. Diffuse-
flow contributions are also forced to drop dramatically, almost to 10 cfs
(0.28 cms). These problems are largely the result of the interplay of the
large daily discharge variations which occur, and the 12-14 hour offset be-
tween the peak discharge and the later arrival of dilute recharge water. This
results in Tow nitrate concentration during low discharge periods and high
nitrate concentrations during the major runin-conduit flow periods; the
opposite of how the system responds (Hallberg et al., 1983).

The observed 12-14 hour Tlag-time between peak discharge and the associated
lowest nitrate Tevel was used to construct a more realistic nitrate-based
separation. The measured nitrate values were offset about 12-14 hours, so
that the dilute nitrate values coincide with the peak discharges.
The same two-component mixture was assumed, however, nitrate concentrations in
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Figure 13. Analytical hydrograph separation of February, 1983, snowmelt
event.

the runin-recharge component were estimated to be 5 mg/l instead of 10 mg/1,
which is more representative of the smaller surfacewater sites which drain in-
to sinkholes. Figure 15 shows the resulting hydrograph. Comparison with
figure 14 indicates that the major, anomalous peaks in the diffuse-flow hydro-
graph are largely smoothed out. The irregular form of the diffuse-flow hydro-
graph, even with these modifications, probably results from varying flow
rates, and therefore travel times, from various parts of the basin to Big
Spring. Other subcomponents of flow, such as described by Hallberg and others
(1983), also may contribute to these irregularities. A smoothed curve
(dashed-1ine, figure 15) fitted to this separation indicates a baseflow volume
of about 1,330 acre feet, 66% of the total discharge. This is in close agree-
ment with the diffuse-flow value generated by the analytical separation. How-
ever, a comparison of the structure of the two separations (figures 13 and 15)
shows that major differences exist. The analytical separation indicates that
runin-recharge occurs during the period 2/14/83-2/19/83, and suggests a gen-
erally high diffuse-flow component for the period 2/19-2/27 (relative to the
nitrate based separation). The nitrate-based separation indicates that all of
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Figure 14. Nitrate (chemical)-based hydrograph separation for February, 1983,
snowmelt event.

the discharge from 2/14-2/19 is diffuse flow, because nitrate levels do not
fall below 40 mg/1. The lower diffuse-flow component indicated for the period
2/14-2/27 is the result of the low nitrate concentrations (figure 12). During
the 2/19/83-2/27/83 period, the nitrate-based separation indicate that 55% of
discharge is baseflow; the analytical separation 60%.

Several features of the nitrate data and the nitrate-based separation warrant
comment. First, is the failure of nitrate levels to respond significantly
during 2/1/4/83-2/19/83, as runin-recharge slowly increases discharge from
about 35 to 60 cfs (1.0-1.7 cms). Conceptually, nitrate concentration should
have shown some decrease across this period. An examination of the nitrate
record indicates that nitrate levels do begin to drop on 2/18/83; however,
they only drop from 43 mg/1 to 40 mg/1, and therefore the nitrate-based separ-
ation does not reflect this drop. Also, under relatively low discharge
conditions (less than 50 cfs; 1.4 cms), flow rates within the conduit system
are considerably lower than under high flow conditions (>100 cfs; 2.9 cms).
Travel times from sinkhole basins to the spring under the discharge conditions
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Figure 15. "Offset" nitrate (chemical)-based hydrograph separation for
February, 1983, snowmelt event.

existing during this period are likely on the order of at least 48-72 hours
(see Hallberg et al., 1983). Several days would be needed before meltwater
reached the spring and caused any change in nitrate levels. Diffuse-flow dis-
charge, as derived by nitrate concentrations, rises from 35 to about 50 cfs
from 2/14/83-2/18/83, but does not increase above 55 cfs (1.6 cms) after that
even as total discharge exceeds 220 cfs, suggesting that under peak-discharge
conditions almost 75% of the discharge is surface runin.

This percentage is high, and uncertainties in the processes delivering water
and chemicals precludes a final judgement. Actual diffuse flow-infiltration
recharge may be greater, but if so, it must contain less than 40 mg/1 nitrate.
If macropore flow 1is contributing significant volumes of relatively Tlow-
nitrate water, a separation similar to that shown in figure 13 would result.
This explanation requires that little matrix-flow, high nitrate soil water is
being discharged from Big Spring until the end of 2/14/83-2/27/83 period. The
volume of water lying above the diffuse-flow hydrograph (figure 13) could then
simply be considered as "snowmelt-event" water, which was delivered into the
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aquifer by runin to sinkholes and macropore-flow contributions. Direct macro-
pore contributions that reach the spring within the 2/14/83-2/27/83 period
probably occur in shallow bedrock areas near the major conduit zones. In
these areas, macropores are more likely to be in more direct connection with
the aquifer and flow rates in the underlying aquifer are greatest. It is
likely that most of the chemical effects that are ascribed to infiltration
processes soon after a recharge event in Big Spring discharge are related to
water that infiltrate in, and adjacent, to the sinkhole basin areas, where ex-

tensive areas of shallow bedrock (with vertical and horizontal solution con-
duits) occur.

The volume of "snowmelt-event" waters for the period 2/19-2/27 is about 700
acre-feet (0.86 million m3) based on the nitrate separation. During the
period 2/14/83-2/18/83, before nitrate levels fall below 40 mg/1 (figure 12),
the analytical separation suggests that an additional 120 acre-feet (0.15 mil-
lion m3) of snowmelt was discharged. If the total volume of snowmelt water,
820 acre-ft (1.01 million m3), is spread over the sinkhole basins (11.5 mi2;
29.8 km2), this represents 1.34 inches (34 mm) of recharge. Data on the depth
and moisture content of the accumulated snowfall within the basins are not
available. Data from the surrounding weather stations indicates that snow
depths were 8-12 inches prior to melting. Snowfall during January and Febru-
ary in Elkader contained 1.68 inches (42.7 mm) of moisture, about 0.34 inches
(8.6 mm) more than the nitrate-based separation indicated was delivered to Big
Spring.  Some meltwater undoubtedly remained in slow transit within the soil
zone, and some snow also probably remained after 2/27/83. This simple compar-
ison indicates that the nitrate-based separation, and the concept of a macro-
pore flow component in the "event" water, are at least a realistic approxima-
tion of the water and chemical yield for the snowmelt event. A better quan-
tification of the separation methods is possible from the June-July events
discussed in later sections of the report.

April 1983, Discharge Events

During April 1983, gentle rains and snowmelt generated some unique discharge
and water-quality events at Big Spring (see figures 1 and 2). A detailed
hydrograph and plot of the nitrate concentrations at Big Spring are shown on
figure 16. From March 27 to 30 about 0.25 inches (6.4 mm) of precipitation
fell as snow which gradually melted and infiltrated the soil. On April 1 and
2 about 0.8 inches (20.3 mm) of rain fell overnight. April 2-3 about 0.4
inches (10.2 mm) of rain fell and then again overnight on April 5 and 6
another 0.2 inches (5.1 mm) of rain fell. Little runoff was generated.

The discharge at Big Spring rose, over a 48 hour period from approximately 51
cfs (1.45 cms), on 4/1/83, to about 83.5 cfs (2.37) on 4/3/83. By 4/5/83 dis-
charge had risen to about 85 cfs (2.40 cms). While this is a sharp rise, it
is less steep than the increases in discharge associated with major runin-
conduit flow events. The discharge remained stable at this level (figure 16)

for 3 days, then began to drop. By 4/9 discharge had declined to about 77 cfs
(2.18 cms).

Overnight April 8-9, 0.34 inches (8.6 mm) of precipitation fell as snow, and
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began to melt. This was followed by 0.37 inches (9.4 mm) of rain on 4/9-10.
The same weather patterns continued and more rain fell on 4/12-13 and 4/13-14,
totalling 0.19 inches (4.5 mm) and 0.43 inches (10.9 mm), respectively, and
again on 4/15 and 4/17, about 0.04 inches (1.0 mm) each day. A little runoff
was generated on 4/10 and 4/14.

With these added inputs the discharge at Big Spring graduall rose again
(figure 16), beginning on 4/9 and 10, rising from 77 cfs %2.1 cms) to about 87
cfs (2.4 cms) on 4/13, and then rising somewhat more steeply to its maximum of
about 100 cfs (2.83 cms) on 4/14 (1530 hours). Discharge then fluctuated, but
gradually receded to about 65 cfs (1.84 cms) on 4/29/83.

Field observations noted that little runoff was generated by these precipita-
tion events. The gradual rise and recession, and the initial flat-topped
discharge-hydrograph (figure 16) all imply that these rises in discharge were
principally related to infiltration recharge. Some minor pulses of runoff
water are likely involved with the initial rise and with the few sharper dis-
charge "peaks" on 4/14 through 4/18. The flat-portion of the hydrograph sug-
gests simply that a new, stable base-flow discharge had been attained, and was
being sustained, by this infiltration. As discussed for the snowmelt event,
the response to this infiltration is still relatively rapid (for groundwater
systems), which suggests that this infiltration-discharge increase is, at
least, initiated 1in the sinkhole basins, and other shallow-bedrock areas
where: 1) infiltration can take place directly and rapidly; and 2) where this

infiltration recharge can be rapidly conducted, in large part through the
conduit-flow system, to Big Spring.

As would be expected for an event generated by infiltration recharge, nitrate
concentrations increased in the groundwater at Big Spring. The most unique
aspect of this event 1is the nature of the nitrate concentration changes
(figure 16). Prior to the precipitation-discharge events nitrate concentra-
tions were relatively constant at about 43 mg/1. On the discharge rise of 4/3
nitrate decreased to 41 mg/1. Then, within 24 hours, between 4/4 and 4/5 ni-
trate concentrations rose sharply to 51 mg/1. This rise occurs about 48 hours
after the discharge rise. Nitrate concentrations remained at this level for
four days. Two days after discharge had began to decline nitrate began to de-
crease slightly. By this time discharge was at the low-level of 4/9. As the
discharge began to gradually rise again on 4/9-10, nitrate continued to de-
cline to 49 mg/1 on 4/10 and then values fluctuated until 4/12. Then, from
the morning of 4/12 to the morning of 4/13, while discharge was still on a
gradual rise, nitrate concentrations rose sharply, from 49 to 72 mg/1 (figure
16). Nitrate concentrations remained high, fluctuating between 69 and 75 mg/1
for 5 days, until 4/18. During this time the discharge rose, reached its peak
value, then fluctuated and began to gradually decline. During this discharge
recession, between the mornings of 4/18 and 4/19 nitrate concentrations fell
as dramatically as they had risen, dropping from 75 mg/1 to 51 mg/1 in about
24 hours. Nitrate then gradually declined to 46 mg/1 by 4/26.

Such changes in nitrate concentration had not been observed before at Big
Spring. For purposes of discussion we have termed these phenonmenon nitrate
“plateaus," from the overall shape of the plot of concentration with time.
As shown on figure 16, these plateaus are marked by a sharp rising 1limb, a
relatively flat-topped stable portion, and a sharp termination. These
plateaus mark a unique phenonmenon which must be related to the overall
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infiltration-diffuse flow component of the groundwater recharge.

The first rise in nitrates parallels the discharge rise, but is offset by
about 48 hours. This time lag may mark the time it takes for the displacement
of "old" water (at 42 mg/1 nitrate) in the aquifer and the subsequent arrival
of the “"new" water (at 51 mg/1). This is more than twice as long as travel
times noted for runoff-runin water during snowmelt, but is still quite rapid,
especially considering it is primarily an infiltration event. It is not known
whether or not this event would have terminated abruptly, because the second
event, the well-defined "plateau," followed directly afterwards.

The 4/13-18 plateau does not bear any obvious relation to a discrete parcel of
water on the discharge hydrograph, other than being generally related to the
second infiltration-recharge event. The rise of the plateau begins during the
gradual discharge rise; nitrate concentrations rise sharply, over 20 mg/1,
while discharge rose only about 3 cfs (0.08 cms). The "plateau” rise begins 3
days after the gradual discharge rise began. The "plateau" coincides with a
variety of discharge fluctuations (figure 16); it is possible that some of the
drops in nitrate concentrations across the "top" of the "plateau" are related
to minor pulses of runin-conduit flow water on 4/10 and 4/14. The abrupt ter-
mination of the "plateau" simply occurs during gradual recession.

A few pertinent points may be summarized. These nitrate "plateaus” arrive at
Big Spring about 48 to 72 hours after an infiltration discharge rise. They
are marked by abrupt increases 1in nitrate concentrations, ranging from 25 to
50%, that occur in 24 hours or less, and equally abrupt terminations. A1l the
abrupt changes in concentration are related to discharge changes between about
78 to 88 cfs (2.2-2.5 cms). There are no obvious relationships between the
discharge record and the well-defined plateau which might suggest that this is
a discrete "slug" of high-nitrate concentration water.

Such abrupt and dramatic changes are easy to explain when the events are re-
lated co runin-conduit-flow events. As noted in the discussion of the snow-
melt events (and in Hallberg et al., 1983) the incursion of runin water,
dilute in nitrate, will cause abrupt decreases in the nitrate concentration at
Big Spring. Likewise, the passage of this runin water may be followed by
abrupt rises in nitrate concentrations as infiltration-diffuse flow, or base-
flow water returns to dominate the discharge. However, as discussed, the ni-
trate plateaus are not associated with any significant runin components.
While the sharp rise in nitrate concentration may simply be explained as the
influx of infiltration water which is displacing high-nitrate concentration
water through the soil-profile into the aquifer, it is much more difficult to
interpret or explain the sharp termination. These features will be discussed
further in later sections of this report.

Summer Discharge Event

During late June and early July, 1983, a series of rainfall events generated a
major runoff event in the Big Spring basin (see figures 1 and 17). Between
6/26 and 7/3 about 11 inches (280 mm) of rain fell in the basin. This pro-
duced a peak discharge at the Big Spring of about 220 cfs (6.2 cms) at 1400
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hours (2 p.m.) on 7/1/83. A variety of detailed water-quality data were
collected to document the nature of this major runoff-runin event in the Big

Spring karst basin. The following sections will outline the details of these
events and observations (between 6/26/83 and 7/25/83).

Antecedant Conditions and Precipitation

Preceeding these events the weather had been warm and dry in the basin. Con-
sequently, the groundwater discharge from Big Spring had been in a gradual
recession since flow events in late May. The discharge had declined to about
45 cfs (1.3 cms) at the Big Spring, equivalent to about 51 cfs (1.4 cms) for

the basin (i.e., including Back Spring, etc., see Hallberg et al., 1983 for
details).

Heavy, intermittent showers began in the basin during the afternoon of 6/26,
and continued into late morning of 6/27. About 3.25 inches (82.6 mm) of rain
fell between 1400 hours on 6/26, and continued into late morning of 6/27.
About 3.25 inches (82.6) of rain fell between 1400 hours on 6/26, and 0700
hours 6/27 (figure 17). Another 1.2 inches (30.5 mm) fell between 0700 and
about 1100 hours on 6/27. (IGS staff could not get into the area until later
in the day of 6/27, so there is not as detailed a record of these early
events, as there is for the later events.)

Even with nearly 4.5 inches (114 mm) of rain, little runoff was generated be-
cause of the dry antecedant conditions. As noted in prior work in the basin,
this area is marked by high rates of infiltration (see Hallberg et al., 1983).

Intermittent rain continued. On 6/28 a few scattered showers dropped 0.15
inches (3.8 mm) of precipitation in the basin. On 6/29, 0.65 inches (16.5
mm) of rain fell between 0500 and 0700. This rain generated some runoff and
about 0900 hours dye was injected in the water running into two sinkholes on
the east and west sides of the basin. Later on 6/29, between 1700 and 2000
hours 2.5 inches ( (62.5 mm) of additional rain fell (figure 17). This heavy
rain, following the 5.25 inches (133.4 mm) which had fallen in the preceeding
three days, generated substantial runoff and flash floods in some small sub-
basins in the Big Spring basin, with peak runoff occurring about 1900 hours.

No rain fell on 6/30 until light rain began about 2350 hours. This rain con-
tinued until 0330 on 7/1, and totalled about 0.45 inches (11.4 mm). Later on
7/1, from 0550 to 0820 hours another 1.2 inches (30.5 mm) of rain fell.
Additional lighter rains continued on 7/2 and 7/3: on 7/2, 0,17 inches (17.8
mm) fell between 0500 and 0800, 0.2 inches (5.1 mm) between 0930-1050, 0.6
inches (15.2 mm) between 1200 and 1400 hours; on 7/3, 0.3 inches (7.6 mm) be-
tween 1915 and 2030 hours. No more rain fell in the basin for over 2 weeks.
A few light rains occurred between 7/18 and 7/25.
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Figure 17. Groundwater discharge and precipitation data for Big Spring during
mid-summer discharge event.

Surfacewater Discharge and Water Quality

Intermittently during these events water quality samples were collected from a
number of surfacewater and tile line sites. Stream discharges were
also measured at the stations in the Bugenhagen basin (figure 4). Pertinent
data from the downstream (Boog-D) station will be summarized here (figure 18
and 19) and all the data are given in the Appendix. The Boog-D station is a
short distance upstream from where this stream discharges into a series of
sinkholes.

at Boog-D on 6/27 (2030 hrs.) and 6/28 (1500 hrs.) was about 1 cfs (28.3 1/s).
There was no field evidence of any substantial discharge (e.g., greater than
about 5 cfs; 140 1/s), and the very small hydrograph peaks at Big Springs on
6/27 (see figure 17 and 1) also suggest very little runoff ("runin" to sink-
holes). On 6/29 some runoff occurred with the early morning rain (0500-0700
hours). By 0900 the stream had already receeded to about 3.5 cfs (99 1/s),
when dye was injected into the stream water running into the sinkhole. The

Little runoff was ?enerated by the first few rainfall events. The dischar?e
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heavy rains on the evening of 6/29 (1700-2000 hrs.) generated a flash flood in
the basin, and the stream rose and overflowed its banks in a very short time
with peak discharge at 1900 hours which could not be gaged but was estimated
at about 25 cfs (710 1/s). The sinkholes could not take all of this water and
the stream overflowed the sinkhole area and spewed water out over the alluvial
plain of the Silver Creek. This water infiltrated into the alluvial-plain
sediments. This peak runoff-runin event generated the large hydrograph peak
of 7/1 at Big Spring. The stream recessed overnight and by 0700 on 6/30 the
discharge was 3.4 cfs (96 1/s). However, no runoff, (e.g., sheet or rill
flow) was actually occurring at this time. A1l this discharge was shallow
groundwater flow; interflow, tile drainage, and/or bank-storage return flow.
The early morning rains on 7/1 again generated actual runoff, with a discharge
of about 8 cfs (227 1/s; figure 18). After this time, stream discharge slowly
recessed, as base-flow remained relatively high. By 7/8 discharge was still
at 2.6 cfs (74 1/s), but by 7/28 it was only 0.3 cfs (9.6 1/s).

Various water quality parameters are shown on figure 18. Suspended sediment
concentration varied with discharge; background concentrations vary from 30 to
150 mg/1, but suspended sediment exceeded 5,000 mg/1 with the peak discharge
on 6/29. As would be expected, a variety of other parameters varied with dis-
charge and sediment lToad. Products associated with soils (sediment) and run-
off such as organic-N and ammonium-N reached their higest concentrations (35
and 2.5 mg/1 respectively) concurrently with the peak sediment discharge
(figure 18). Relatively insoluble products such as potassium (K), phosphorous
(as phosphate POsg), and iron also reached maximum con¢entrations during these
runoff peaks, whereas they were at minimal values during the baseflow-
interflow dominated periods.

Atrazine (and other pesticides) also reached its maximum value with the
sediment-water discharge maximum of 6/29; atrazine concentrations rose from
2.8 ug/1 on 6/27-28 to 6.6 ug/1 in the 6/29 peakflow.

In contrast, the highly soluble products such as NO3 and C1 are out of phase
with these runoff-related parameters. These so]ub?e compounds show minimum
concentrations during runoff and maximum values in stream discharge which is
related to shallow-groundwater base flow (and direct tile drainage). Nitrate
(figure 19) is directly out-of-phase with organic-N, for example. With the
peak runoff-discharge of 6/29 organic-N reaches a maximum concentration of 35
mg/1, while nitrate reaches its minimum value of 6.2 mg/1 (1.4 mg/1 NO3-N).

Conversely, samples from the morning of 6/30, during elevated base-flow dis-
charge, showed that the concentration of organic-N in the stream was only 0.95
mg/1, while the nitrate concentration of Boog-D rose to 68 mg/1 (15.3 mg/1,
NO3-N). During this same time, with high rates of infiltration and shallow
groundwater flow, the nitrate concentrations in tile-drainage water reached
their maximum concentrations; BTLU-W (just upstream from Boog-D) rose from
about 95 mg/1, before these events, to a peak of about 140 mg/1 (figure_lg).
It is interesting to note that pesticide concentrations remained relatively
high, and Bladex and Lasso were first detected in the stream-water, during
this period of elevated, shallow groundwater flow.

Nitrate concentrations in surface-waters continued to fluctuate with changes
in discharge: Boog-D dropped again, to 11 mg/1 with the added runoff on 7/1,
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into sinkholes (see figures 3 and 4).
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Figure 19. Nitrate concentrations in tile drainage water (BTLU, L22T) and
surface water (Silver Creek, L23S; and Robert's Creek) during mid-
summer event.

and then rose again to over 70 mg/1 with base flow again becoming dominate
(figure 18). Figure 19 shows nitrate concentrations from intermittent
sampling from larger streams, such as Roberts Creek. These concentrations
show different timing of minima because it takes longer for the flood flows to
pass through these larger streams.

Nitrate concentrations from the tile lines and surfacewaters all remain quite
high, and relatively constant, during the prolonged base-flow recession during
the next week, and continuing to the end of July. Figure 18 also shows the
calculated discharge of NO3-N (in kg/hr) at Boog-D. While concentrations re-
main constantly high, loads decrease substantially after 7/5 as the volume of
water discharged declines. This indicates a marked decline in shallow ground-
water (or infiltration-related) discharge.
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Dze-Traces

After the precipitation event on the morning of 6/29 generated runoff a
quantitative dye trace was begun. The results of the dye trace are described
here to accurately define which discharge peaks at Big Spring are related to
which rainfall events in the basin.

A different dye was injected (nearly) simultaneously into the surface-water
draining into two different sinkholes (figure 20): 1) fluorescein-green dye
was injected in the runin water in the Bugenhagen sinkhole on the west side of
the basin at 0930 on 6/29; 2) amino-G, blue dye was injected in the runin at
the Baade sink, on the east side of the basin at 0900, 6/29. These two sink-
holes had been dye-traced previously and were known to contribute discharge to
Big Spring (see Hallberg et al., 1983, for locations and other details). This
quantitative, "double" dye trace was attempted to try to quantify travel ties
and the nature of discharge from the east and west side of the basin to the
Big Spring during a single event. The theory and methods for this dye trace
are outlined below.

Dye Trace Method

Quantitative dye tracing requires a method of measuring the concentration of
dye through time, at some specified output point (in this case, Big Spring).
An excellant summary on the theory and analysis of fluorescent dyes is given
by Smart and Laidlow (1977). They discuss, 1in theory, the possibility of
using multiple fluorescent dyes at the same time, however, they do not present
any actual studies where this has been done. This method will work if the
excitation and emmission wavelength-bands of the dyes differ, so that the ef-
fects of one dye can be filtered out while the fluorescence of another dye is
measured.

As decribed in Smart and Laidlow (1977), a Turner, Model 111, filter fluori-
meter was used for this dye trace. With the proper combination of filters and
dyes, the concentration of one dye will not affect the measured concentration
of another. The two dyes used in this dye trace were fluorescein (CI acid
yellow 73), a green dye, and amino-G acid (7-Amino 1, 3 Napthalene disulphonic
acid), a blue dye. Primary and secondary filters for the fluorescein analysis
were Kodak Wratten numbers 98 and 55, respectively. These filters removed the
effects of the amino-G acid. Primary and secondary filters for the amino-G
acid analysis were Kodak Wratten numbers 18 and 98, respectively. These re-
moved the effects of the fluorescein. A 10% neutral density filter was also
used because it provided the best range of intensities for the dye-filter
combinations being used.

Standards for the initial calibration of the fluorimeter were made using Big
Spring water collected during mid-June. This was done so that the standards
reflected the fluorescence caused by the dyes, plus the background
fluorescence caused by the dissolved and suspended solids that characterize

Big Spring water. The fluorescein was more affected by background
fluorescence than the amino-G.
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Standards were constantly run, concurrent with samples from the spring to
maintain calibration. The Big Spring samples were generally run in triplicate
and averaged (if no anomalous samples appeared).

On 7/1, when the “"new water" arrived at Big Spring, with its high sediment
Toads (discussed in a subsequent section), the water-samples began to produce
very strange, enigmatic results for dye concentrations. Because of the high
suspended-solids concentrations, the samples were allowed to settle (in a
dark, protected area) for about two hours. After this time, stable, repeat-
able results were obtainable, hawever, the estimated concentrations for the
fluorescein were extraordinarily high (often between 500 an 1,000 ug/1). The
water remained murky even after settling and it was suspected that suspended
colloids and organic materials might be affecting the results. Thus, some
topsoil and Toess were mixed with the "background" water (from Big Spring,
from 6/29) which had been used to make up the standards. The mixture was made
up to approximate the suspended solids load of the new samples. This mix was
agitated and then analyzed. These samples produced the same initial erratic
results as the new Big Springs samples. After settling for two hours they
produced very stable, repeatable background values in the fluorimeter. These
new background values were considerably higher than the "standard water" had
been, but 1in the same range as the water currently discharging from the Big
Spring.  Thus, this new turbid water was decanted and stored and used to make
a new set of standards. The dye concentrations in the remaining samples was
estimated from the calibration of these new standards.

During this time, until sampling stopped, each sample was analyzed with the
prior two samples, as well as with the standards, so that a direct comparison
could be made. Thus, even though the turbidity was interfering (particularly
with the fluorescein), and producing apparently higher concentrations, the
relative differences between samples is assumed to be a valid approximation of
changes.

The amount of dye recovered was also calculated from the discharge and concen-
tration data. Calculations indicated that approximately 100% of the Amino-G
dye was recovered but the calcutations indicated that several times more
fluorescein was recovered than was actually input. This was expected from the
problems previously discussed. Suspended sediment and organics can interfere
in the wavelengths where fluorescein fluoresces, to a much greater extent than
in the wavelengths where amino-G is sensitive.

Discussion of Dye Trace Results

Figure 21 shows the measured dye concentrations at Big Spring, in relation to
the Big Spring discharge. At the time the dye was injected there was a steady
discharge (over one cfs; 28 1/s) into the Bugenhangen sink. However, on the
east side of the basin, even after five inches (127 mm) of rain, little ruqoff
was yet occurring. A small volume of water was running into the Baade s1pk,
but it was not a substantial flow. However, this is common for this portion
of the basin, where the piezometric surface in the aquifer is depressed far
below the landsurface (see Hallberg et al., 1983). Even when runoff is gener-
ated in the eastern sinkhole basins it seldom "runs" very far before it simply
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infiltrates into the soil and rock.

Figure 21 shows the concentration of the dyes in the groundwater at Big Spring
over time, and in relation to the Big Spring hydrograph. The arrival of the
dye clearly illustrates that the 6/30 hydrograph peak (peak discharge of about
110 cfs; 3.1 cms) was generated by the rainfall-runoff on the morning of 6/29.

The discharge at Big Spring began to rise about 18 hours after runoff (runin)
began, and peak discharge occurred 25 hours later. The first arrival of dye
from the west side of the basin occurred about 19 hours after injection and
the maximum peak concentration occurred nearly coincident with the discharge
peak, about 22 hours after injection. Following this peak the dye concentra-
tion does not decline in a smooth recession. Rather, during the hydrograph
recession the dye concentration was punctuated by wide variations, ranging
from 150 to 35 ug/1. When this occurred, the spring was sampled at close
intervals (15 to 30 minutes apart) and the samples analyzed in triplicate to
substantiate the results. After this fluctuating recession, the fluoroscein
dye (west side) concentrations rose and remained relatively stable (about 100
ug/1) even during the early phases of the large discharge rise of 7/1. Then
concentrations declined sharply as the peak of "new water" arrived during the
major discharge event (about 250 cfs; 7.1 cms) on 7/1 (figure 21).

The amino-G dye from the east side of the basin presents a different record.
The recorded concentrations of the east-side dye are much lower, and their
pattern more attenuated. The first arrival of the dye was about 22 hours
after injection, and the first peak concentration arrived 33 hours after
injection. A second peak of amino-G dye, (the maximum) arrived on the rising
Timb of the 7/1 hydrograph event, about 47 hours after dye injection. After

this, dye concentrations from the east side also decreased as "new water"
arrived on 7/1.

As noted above, the arrival of "new water" on the 7/1 discharge event
complicated detection of the dyes. Within the 1limits of these various
problems, however, a few generalizations can still be made. First, dye con-
centrations dropped to zero (or non-detectable) with the peak arrival of "new
water." After this a few "slugs" of water with low concentrations of both
dyes still arrived (simultaneously). The Tlast positive detection of dye
occurred on 7/2 at 0030 hours, about 63 hours after injection.

Interpretation of the Dye-Trace Results

The quantitative dye trace results present some additional insights into the
behavior of the karst-groundwater flow system 1in the Big Spring basin. The
first arrival of dye--19 hours from the west side and 22 hours from the east
side--show how rapidly some of the runin-conduit flow water may travel. The
sinkholes are approximately 8.6 miles (13.8 km; west side) and 7.7 miles (12.4
km; east side) away from Big Spring, in a simple "straight-line" distance.
These data corroborate past, qualitative dye traces which showed that dye from
these two sinkholes arrive at Big Spring in less than 24 hours. The time to
the peak concentrations (22 hours, west side; 33 hours, east side)_ind1cate
minimum (runin-conduit flow) groundwater velocities of 9.4 and 5.6 miles/ day
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(15.1 and 9.0 km/day) or 0.6 and 0.3 ft/sec (012 and 0.1 m/s) respectively.
The first dye-arrival times indicate minimum rates of 10.9 and 8.4 miles/day
(17.5 and 13.5 km/day) or 0.7 and 0.5 ft/sec (0.2 and 0.16 m/s).

As noted by Hallberg et al., (1983; and as will be described in subsequent
sections of this report) the arrival of "new (runin-conduit flow) water" at
Big Spring is generally marked by coincident maximum concentrations of water
quality parameters related to surfacewater transport (e.g., pesticides, sus-
pended sediment, organic-N, P, K, total Fe in water) and minimum concentra-
tions of highly soluble compounds related to infiltration recharge (e.qg.,
nitrate, chlorides, conductivity). The first arrival and peak times for the
dyes stand in contrast to these other data. The "new water," related to the
6/30 hydrograph event did not arrive until about 39 hours after runin
occurred. This is in the same range of time as the peak-dye arrival from the
east side but much longer than the peak time from the west side. As noted by
Hallberg et al., (1983) dye traces from other sinkholes often took much longer
than from the Bugenhagen and Baade sinkholes. In sum these data indicate that
some runin water from individual sinkholes may begin to arrive at Big Spring
quite rapidly (within 18-24 hours), but that for the basin as a whole, the
maximum impact of runin water will take a longer time to be transmitted

through the system (36 to 48 hours). This will be further discussed in sub-
sequent sections.

The great fluctuations in dye concentration from the west side also suggest
some of the complexities that occur in the conduit flow system. These varia-
tions indicate that water with no-dye, from other sources, such as other sink-
holes, losing streams, is injected into the conduit flow, separating the input
from an individual point, such as the Bugenhagen sink, into a series of
“slugs" of water. Even after the peak of "new water" arrived on the
subsequent discharge event of 7/1, a few slugs of "old water," i.e., with dye,
were still detected. This indicates that some water was still being displaced
through the aquifer system. Such slugs or pulses of water traversing through
the karst aquifer system may explain other short-term fluctuations 1in water-
quality that are noted in monitoring karst-carbonate aquifers.

The second peak in amino-G dye, from the east side, which occurred about 47
hours after injection, may represent the displacement of a similar pulse of
water. However, because of the limited runin of water which was taking place
during dye injection, this peak may also represent a new pulse of water which
was input to the system by the subsequent runoff on the evening of 6/29. This
dye peak occurs 37 hours after this runin occurred, very similar to the timing
for the first peak.

The attenuated dye concentrations, and particularly the much Tonger timg to
peak concentrations from the east side of the basin support the previous
interpretation of Hallberg et al. (1983). They interpreted that slower travel
times of conduit water from the east-side of the basin contribute to the
changing rates of hydrograph recessions noted at Big Spring.

Dye was detected until 63 hours after injection. This suggests that at ]east
trace amounts of runin water, and various solutes it contains (e.g., hygher
concentrations of pesticides, bacteria, etc.) may continue to be transmitted
through the groundwater system for at least 2.5 days after a runin event.
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Groundwater Discharge

As noted earlier the several rainfalls produced variable amounts of runoff-
runin, which, in turn, produced a series of discharge events at Big Spring.
Four discrete events in groundwater discharge (figure 17) occurred in the
basin: 1. on 6/27, at 0645 hours, at about 60 cfs (1.7 cms); 2. on 6/27 at
2000 hours, at 73 cfs (2.1 cms); 3. on 6/30 at 0645 at 110 cfs (3.1 cms); and
4. on 7/1, at 1400, at 250 cfs (7.1 cms). The timing of the first rainfall-
runoff events are not well defined because IGS crews were not yet in the area.
The later events are well defined, as previously described. Thus, the timing
between the early runoff-runin and the initiation of the rise in the Big
Spring discharge hydrograph can not be accurately determined, but must be
approximately 12 to 14 hours. The rise of the third discharge event began 18
hours after runoff and the rise of event 4 began 29 hours after runoff.

The slope of the rising limb of nearly every large hydrograph peak at Big
Spring is very similar. Thus, the larger the discharge event the greater the
time there must be between discharge rise and discharge peak, as well as a
proportional increase in the time elapsed between runin and peak. Thus, the
time from rise to peak for peak 1 was less than six hours (at 60 cfs; 1.7
cms), for peak 2 about seven hours (at 73 cfs; 2.1 cms), for peak 3 about
eight hours (at 110 cfs; 3.1 cms), and for peak 4 about 14 hours (at 250 cfs;
7.1 ecms). The time from runin to peak for peak 3 was about 26 hours and for
peak 4 about 43 hours.

As noted peak 3 was generated by the rainfall-runin which occurred between
0500 and 0700 on 6/29; and peak 4 by the rainfall-runin which occurred between
1700 and 2000 on 6/29 (figure 17). The subsequent smaller rains on 7/1
through 7/3 did generate minor runoff (see previous discussion), but in gen-
eral added more significantly to infiltration. These runin events were not of
significant quantity to cause another rise in discharge, given the high dis-
charges already occurring. However, about 30 to 35 hours after these rains
(s1ightly more time from rain to rise than for peak 4) the recession 1limb of
peak 4 changes slope and becomes nearly flat, holding a nearly constant dis-
charge for several hours (e.g., on 7/2 between 0800 and 1500 hours).  Thus,

these additional rains appear to contribute to the overall form of the hydro-
graph recession.

A review of the past discharge records for Big Spring show similar results.
A1l individual discharge events under 150 cfs (4.3 cms) begin their rise in
less than 24 hours after rainfall-runin, but few have the resolution of the
June-July 1983 events. Where a new discharge peak occurs immediately on the
recession of another event each subsequent event seems to have a Tlonger re-
sponse time, just as noted for the June-July 1983 events. Most of the events
over 200 cfs (5.7 cms) had response times between 24 and 36 hours. However,
large snowmelt events (previously described) which occurred during low base-
flow periods appear to begin to rise in less than 24 hours after runoff. This

suggests that the time between runin and rise at Big Spring is in part related
to antecedant conditions as well.

The 1ncreasjng time between successive runin and rise events 1is anomalous.
The successive greater increases 1in head related to infiltration and runin
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water filling conduits should transmit a proportionally greater pressure
through the groundwater system and actually cause a more rapid response. This
was noted in the discussion of the snowmelt events; an increase in discharge
at Big Spring was noted within 9 hours of peak melting, yet groundwater travel
times, as indicated by chemical changes, were still in the realm of 21-24
hours.  One critical difference may be noted between the 1983 snowmelt-
discharge period, and the June-July 1983 events: During the snowmelt dis-
charge fluctuations (when this pressure-wave phenomenon could be observed) the
discharge never fell below 85-90 cfs (2.4-2.5 cms). During these other
periods, which exhibit an inverse relationship between the timing of runin and
the rise in discharge, such as the June-July events, the discharge between
events fell below 80 cfs (2.4 cms). This suggests that at these lower dis-
charges the conduits are not full enough to show this pressure response.
Hopefully, further observations will help clarify these relationships.

Groundwater Quality

Groundwater samples were collected as often as hourly (but at Tleast every
three hours) during much of this monitoring period. These samples were
analyzed for a variety of parameters. The first parameter which will be dis-
cussed s specific conductance (SpC) because it integrates the effects of
changing solute concentrations and also presents a rather simple and straight
forward picture of the events.

The change in conductance at Big Spring, in relation to the discharge is
graphed on figure 22. Few SpC measurements were made prior to 6/29, and only
minor changes were noted. During the discharge event of 6/30 SpC  fluctuated
somewhat, and overall decreased slightly. Again, only a slight decrease
occurs on the rising Timb of the 7/1 peak-discharge event (figure 22), and it
is not until well into this event that SpC shows a marked decrease, dropping
form 670 to 450 umhos/cm? in less than 7 hours. It is at this point that all
water-quality parameters indicate that the "new," surface runin water arrives
at Big Spring. As will be shown, this is where the water-quality parameters
related to surfacewaters reach a maximum and parameters, such as SpC which re-
late to dissolved constituents transported through infiltration are at minimum
values, as shown on figure 22. Note that arrival of the "new water" does not
take place until after the discharge has peaked. The water discharged on the
rising limb of the event has the characteristics of water
that was already in the conduit system. Unlike in a surfacewater system where
floodwaters can simply add to water in the channel or overflow the channel, in
the conduit-flow, groundwater system this water has to be pushed out of the
way, or displaced before the "new water" can arrive. This water is what Hall-
berg and others (1983) termed "displaced-conduit water," or simply displace-
ment water.

The SpC rises more slowly as discharge recesses, as the runin water component
passes through the system. On the recession 1imb SpC became relatively
stable, with one noticeable rise on about 7/5, coincident with one of the last
flat areas on the recession 1limb of the discharge event. Note that SpC re-

turns to about the same value as before this series of discharge events took
place.
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The discussion of the remaining water-quality data will be divided into two
general categories: 1L parameters most strongly related to the runin, con-
duit flow component; and 2. parameters most strongly related to the infiltra-
tion, or base-flow component.

Run-in, Conduit Flow Components:

1.

Suspended Sediment

Perhaps the most obvious parameter related to surfacewater runin 1is sus-
pended sediment. Figure 23 graphically shows the suspended sediment con-
centration over time, against the discharge hydrograph, and figure 24
shows the discharge rate (kg or 1bs/hr) for suspended sediment at Big
Spring. During base-flow discharge the suspended sediment concentration
in the groundwater from Big Spring is negligible, averaging about 10 to 25
mg/1 (within the error of measurement of these low concentrations). This
changes radically with large discharge events, however.

Little change could be measured in the suspended sediment concentration
related to the small discharge events 6/27, although the turbidity of the
water did increase. With the larger event of 6/30 however, suspended sed-
iment concentration increased to nearly 100 mg/1. The sediment concentra-
tion continued to increase in the displacement water, on the rising Timb
of the 7/1 event, and then peaked with the "new water" arrival, at over
4,000 mg/1. Note that this is approximately the same suspended-sediment
concentrations as recorded in the surfacewaters running into the sinkholes
in the basin (figure 18).

At this peak of suspended sediment concentration and water discharge the
sediment discharge rate was about 96 tons/hr (or 87,000 kg/hour; see
figure 24). The trend of sediment concentration parallels the water dis-
charge trend, and thus the sediment discharge graph mimics the concentra-
tion. After the peak, the concentration drops off nearly as quickly as it
rose. The data show a minor increase in suspended sediment on 7/3, which
is related to the rainfall, runin event in the basin on the morning of 7/1
(figure 18).

During the smaller discharge event of 6/30, the total suspended sediment
discharged through Big Spring was about 16.2 tons ((15,000 kg). During
the larger event of 7/1, to recession at 100 cfs (2.8 cms) on 7/4, the
total suspended sediment discharged at Big Spring was over 1,122 tons or
1,000,000 kg. This averages out to about 371 tons/day (336,000 kg/day);
or 15.5 tons/hr (14,000 kg/hr). It is no wonder that sediment loads are a
serious problem for the ICC fish hatchery operation.

For discussion and perspective, if the total suspended sediment 1load for
this one event (7/1-7/3) is proportioned back over the sinkhole basins
(where much of the sediment runs into the system) this amounts to an
equivalent of 0.15 tons/acre of sediment during this single event. Again,
for perspective, the total suspended sediment discharged during July 1983
was about 1,150 tons (1,043,000 kg). About 98% of this was discharged
during 7/1-4, during the peak flows.
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Figure 22. Specific conductance of the groundwater at Big Spring during mid-
summer event; groundwater discharge shown as gray background for
comparison.

Though these figures provide perspectives, they also must be clarified.
First, note that the sediment concentration rises directly with discharge.
Although it does peak with the "new water" arrival as marked by other
parameters it is not as discrete as the abrupt change in SpC; i.e., con-
centrations rise during the displacement water as well. This is because
considerable sediment is stored in the "fluvio-karst" conduits, and the
large discharges remove large amounts of this stored sediment. Some of
the sediment is derived directly from the rocks which form the conduits.
The sand fraction of some of the sediment samples is dominated by dolomite
rhombs and abraded carbonate rock fragments. On the other had, chemical
analyses of the sediment samples show that dieldrin and sometimes atrazine
are attached to the sediment (clay and organic) particles. The dieldrin
in particular (because it is stongly adsorbed) suggests that some of the
sediment has not had a long residence time in the conduit system; the use
of aldrin (dieldrin) stopped 1in about 1973. The proportioning of the
sediment over the sinkhole basins is not entirely accurate either because
of the residence time issue. Also, some sediment will enter the system
through solutionally-widened joints and fractures. However, the major
volume of sediment must be delivered into the conduit-system through
losing streams, such as described in the Bugenhagen basin. The fact that
sediment concentration peaks match with other surfacewater, runin
parameters also suggests that some of the sediment load courses directly
through the entire conduit system to be discharged at Big Spring during
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Figure 23. Suspended-sediment concentration in groundwater at Big Spring
during mid-summer event.

such high flow events. (This is also illustrated by the discharge of
relatively fresh corn stalks and corn cobs at Big Spring, during high
flows.) In some respects the sediment load at the spring can be thought
to be a minimum because the coarser sediment delivered into the system
(some bed load) probably cannot be transported through the system, nor
"buoyed up" to be discharged at Big Spring.

2. Organic-N, Ammonium-N

Organic and ammonium-N are common constituents in surfacewater but gener-
ally not groundwater. During stable, base-flow periods they are not de-
tectable in the groundwater discharging from Big Spring. During the 6/27-
7/4 discharge events N-series (analyses for NO3 + NOp-N, Organic-N, and
ammonium-N) samples were collected at Big Springs from 6/27 through 7/25.
The results are shown on figure 25.

The pattern of concentrations, with time and discharge, are similar to the
suspended-sediment data. Organic-N shows some increases with every dis-
charge event, but peaks (6.7 mg/1) with the "new water," just slightly
after peak discharge. Ammonium-N only appeared during the 6/30 and 7/1
events, and shows a double-peak around the same time as organic-N, but is
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Figure 24, Mass of suspended-sediment discharged with groundwater at Big
Spring during mid-summer event.

still at very low concentrations (0.7 mg/1 maximum). Both decline rather
quickly and by 7/3 were no longer detectable. The concentration of
organic-N can be clearly related to the concentration of suspended sed-
iment (figure 26), as is often the case in surfacewaters.

3. Pesticides

Immediately prior to the discharge events the only pesticide detected in
the groundwater at Big Spring was atrazine. It was present in its typical
background concentrations of about 0.2 ug/1 (see Table 9 and Appendix 1).
This was a base flow period and the discharge of atrazine was averaging
about 22 g/day (0.05 1bs/day). After runin of surfacewater began, several
other pesticides appeared in the groundwater, and three distinct peaks of
pesticide concentration occurred after the peak discharges (see figure
27). In addition to atrazine, the herbicides Bladex (cyanazine), Lasso
(alachlor), Dual (metolachlor), and the insecticide Dyfonate (fonofos)
were detected in groundwater during this period (Table 9).
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The three peaks of pesticides provide the most clear illustration of the
temporal offset between peak groundwater discharge and the arrival of the

new runin water (see figure 27). The time and concentration of the three
peaks were:

1. Peak 1; 6/28, 1730 hours; 3.61 ug/1 total pesticides
(2.5 pg/1 atrazine; 0.10 ug/1 Bladex; 0.60 pg/1 Lasso; and
0.41 ug/1 Dual);

24 Peak 2; 6/30, 2220 hrs; 4.55 ug/1 total pesticides

(4.55 ug/1 atrazine; 1,00 ug/1 Bladex; and 0.45 yug/1
Lasso); and

3. Peak 3; 7/2, 0130 hrs; 6.4 pg/1 total pesticides (5.1
ug/1 atrazine; 0.71 ug/1 Bladex; and 0.57 ug/1 Lasso).

The third peak is complex, rising sharply to 5.76 ug/1 total pesticides
(with the new water) and then increasing to 6.4; in part this is because

each pesticide detected peaked at a slightly different time, and because
atrazine shows a double peak (figure 27).

Each of the pesticide peaks are offset from the prior peak discharge. The
timing between runin, peak discharge, and peak pesticide concentration (or
new water) show the same change from event-to-event, previously discussed.
Pesticide peak 1 occurs about 17-21 hours after discharge peak 2 of 6/28,
and about 24-36 hours after runin. Pesticide peak 2 occurs about 16 hours
after the discharge peak (6/30) and 31 hours after runin. Pesticide peak

3 occurs about 11 hours after peak discharge, but about 54 hours after
runin.

The maximum concentrations of the various pesticides recorded were: 5.1
ug/1 atrazine, 1.2 pg/1 Bladex, 0.63 pg/1 Lasso, 0.62 ug/1 Dual, and 0.11
ug/1 Dyfonate. The maximum concentrations all occurred during the largest
event, late 7/1 or early 7/2. Note, again, that the maximum concentra-
tions recorded are essentially the same as the maximums noted in surface-
water discharging into sinkholes.

Suspended sediment collected during the maximum discharge was also
analyzed for pesticides that may be attached to the sediment (or organic
matter). The sediment showed concentrations of 2.6 pg/g atrazine and 0.6
The concentrations of the pesticides in the water varied, to an extent,
directly with the suspended sediment load. As shown on figure 28, above
about 1.0 ng/1 the total pesticide concentration tended to increase with
suspended sediment concentration, although the relationship is not as
strong as between organic-N and sediment (figure 26). Below about 1.2
ug/1 there is no relationship, and such pesticide concentrations are in
the range of base-flow concentrations where suspended sediment is barely
measureable.

Figure 29 shows the discharge of atrazine, over time (in g/hr or 1bs/hr),
during the events. In sharp contrast to the base-flow rate, which aver-
ages about 22 grams per day (0.05 1bs/day), during the discharge events,
with the high pesticide concentrations in the runin-conduit flow water,
the rate peaked at 120 g/hr (0.26 1bs/hr). During the high flow days of
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Figure 25. Concentration of organic-N and ammonium-N in groundwater at Big

Spring during mid-summer event.

7/1 and 7/2 the atrazine discharged in groundwater was about 1.5 kg/day
(3.4 1bs/day). For the period between 6/27 to 7/11 on the recession the
total load of atrazine discharged was 5.36 kg (or 11.8 1bs). The atrazine
discharged in this two-week period equals over 80% of the calculated
atrazine discharge for the prior water-year (Hallberg et al., 1983).

As is apparent on both the pesticide concentration and load diagrams, with
the passage of runin-water, the pesticide concentration (and load) quickly
return to base-flow concentrations, just as the suspended sediment and
organic-N did. By 7/08 atrazine concentrations had declined to 0.42 ng/1
and by 7/12 to 0.25 pg/1. On 7/5 was the last sample with any pesticide
other than atrazine; atrazine, 0.58 ug/1 and Bladex 0.21 pg/1 (figure 27).
This is about 3 days after the 1last runin event. This may be the last
vestige of runin water. The dye trace data suggests that some traces of
runin water may reside 1in the system that long. Conversely, this may
simply be from infiltration. As discussed with the high infiltration and
shallow groundwater flow that took place, atrazine, Bladex, and Lasso were
all noted in shallow groundwater-interflow, and tile-drainage water in the
Bugenhagen basin. In any case, it is typical for the Big Spring basin,
that pesticide species other than atrazine are only found in groundwater
during periods characterized by runin events.
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Figure 26. Log-log plot of organic-N vs. suspended sediment concentration in

4,

groundwater from Big Spring.

Other Water-Quality Parameters

As noted, a variety of other water-quality parameters were monitored,
which varied during the discharge events. Such things as total filterable
residue and turbidity of the water samples varied directly with the sus-
pended sediment, as would be expected. Other chemical parameters, gener-
ally related to surfacewaters also varied with the sediment 1load, and
peaked with the arrival of the new, runin-water. Figure 30 illustrates
the correspondance between total iron and suspended sediment. Total iron
in the groundwater at Big Spring is generally less than 1.0 mg/1, but rose
to about 6.0 mg/1 peaking with the new-water arrival. At maximum runin,
surfacewaters in the Bugenhagen basin measured about 7.5 mg/1 total iron,
but during baseflow measure less than 1 mg/1.

Similarly, potassium (K) in groundwater at Big Spring generally 1is less
than 1.0 mg/1, and in baseflow in the streams of the basin about 1.5 mg/1.
At peak runoff (runin) the streams measured between 5 and 11 mg/1. At Big
Spring K reached a maximum concentration of 5.3 mg/1, peaking at the new
water arrival.
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Figure 27. Total pesticide and atrazine concentration in groundwater at Big

Spring during mid-summer event.

The 7/1 discharge event was large enough that it was even reflected in
groundwater temperatures. Usually only snowmelt events have a measureable
affect on the groundwater temperatures at Big Spring. The influx of this
late June-early July warm surfacewater caused groundwater temperatures to
rise from about 10.1°C up to 11°C (50°-52°F).

Infiltration Component

1-

Nitrates

As discussed for specific conductivity, dissolved mobile constituents,
which have their highest concentrations in the infiltration component of
the groundwater recharge, show an inverse trend to the runin, conduit-flow
components. As with SpC they show minimum concentrations, i.e., maximum
dilution, with the arrival of the new, runin-water. The most important
constituent of this component (for the present study) is nitrate. The
concentration of nitrate in the groundwater at Big Spring is shown on
figure 31.

The concentration of nitrate shows a very complex pattern with time. This
results from the complex interplay of the multiple discharge events and
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Figure 28. Total pesticide vs. suspended sediment concentration in ground-
water from Big Spring, during mid-summer event.
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Figure 29. Mass of atrazine and NO3-N discharged with groundwater at Big
Spring during mid-summer event.
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the mix of infiltration, base-flow and runin, conduit-flow waters being
discharged. In the base-flow period, immediately prior to 6/27 (figures 2
and 31), nitrate concentrations were stable at about 44-45 mg/1. During
the first discharge rise of 6/27 detailed monitoring began, and nitrate
concentrations rose slightly (figure 31) and then dropped sharply (to 41
mg/1) after the second discharge peak on 6/27. As noted previously, this
was thought to indicate the arrival of runin water related to this event;
roughly coincident with the nitrate minima were increases in turbidity,
pesticide concentrations, K and total Fe, a minor rise in organic-N, and a
drop in other soluble ions, such as chloride and sulfate. After this the
nitrate concentration rose sharply to a "plateau" at about 56 mg/1, where
it remained for about 8 hours.

This plateau terminated with a sharp decline, during the 6/30 discharge
event. The concentration fluctuated and again reached values of about 54
mg/1 on the rising Timb of the large 7/1 discharge event. At first this
rise in concentrations may appear strange, but this is in the displacement
water on the rising 1imb and does not represent new, runin water.

With the arrival of the new, runin water nitrate concentration again de-
clines sharply to a minimum Tevel (42 mg/1), coincident with the peak con-
centrations of the runin parameters. As discharge declined on the falling
Timb of the event, nitrate concentrations rose sharply again, from 42 mg/1
to 55 mg/1 in 9 hours. The nitrate concentrations continue to rise, in a
series of plateaus: going from 57 mg/1 to 65 mg/1 1in 6 hours and then
stabilizing for about 20 hours; then rising from 63 mg/1 to 74 mg/1 in 5
hours (at 2345 hours, 7/3). The nitrate concentration remained at this
level (72-74 mg/1), from 7/4 through 7/7, and then the plateau terminated;
the nitrate concentration decreased overnight from 72 mg/1 (7/7) to 54
mg/1 (7/8, at 0 740 hours). The nitrate concentrations gradually declined
as recession continued to the end of July (figure 31), but not until 7/29
did nitrate concentrations return to the 44 mg/1 level that they were at
prior to these events. The nitrate plateaus that occurred after the 7/1
minima are roughly coincident with the "flat" areas on the recession curve
that were related to the minor precipitation events (principally, in-

filtration events that occurred on 7/1 through 7/3), in the prior dis-
cussion (figure 31).

The discharge of nitrate-N in the groundwater from Big Spring is shown on
figure 29 (kg and 1bs/hr). The discharge rate of nitrate-N shows a com-
plex pattern also, with peak Toads occurring when high concentrations and
high water discharge rates coincide. Again, in contrast to baseflow dis-
charge rates of about 110-120 1bs (50-55 kg) NO3-N/hr, during these large
events rates reached 660 1bs (300 kg) NO3-N/hr. During 7/1 through 7/4
about 11,000 1bs, or 5.5 tons, (5,000 kg) of NO3-N were discharged daily
in groundwater. During the period 6/27 to 7/11 over 103,200 1bs or 51.6
tons (over 46,800 kg) of nitrogen (as nitrate) were discharged.

Figure 29 generally shows the out-of-phase relationship between the dis-
charge of nitrate and atazine. In general, as pesticide loads were rising
and reaching maxima, nitrate loads were declining to minimal values. Un-
Tike parameters related to the runin components, nitrate-N discharge
stayed quite high during the early recession, because of the high nitrate
concentration plateaus. Nitrate-N discharge dropped sharply overnight,
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Figure 30. Total iron vs. suspended sediment concentration in groundwater at
Big Spring, during mid-summer event.

from 7/7 to 7/8,with the end of the last nitrate-concentration plateau.

Discussion of the Nitrate Data

Two of the complexities of the nitrate concentrations at Big Spring warrant
further discussion: 1. the sharp fluctuations that occurred; and 2. the
nitrate “plateaus." Before discussing these features it is necessary to
briefly review some data from the basin.

As previously discussed, the first 5-6 inches (125-150 mm) of precipitation
generated very little runoff. Much of this water infiltrated, replenishing
the soil moisture deficit; some was obviously lost to evapotranspiration.
This infiltration water mobilized significant amounts of nitrate, stored in
the soil profile (in soil water, under tension), which was then displaced in
the infiltration recharge from subsequent rains. This is shown by two direct
lines of evidence: 1. changes in nitrate concentrations in tile-drainage
water; and 2. changes in nitrate concentrations in surfacewaters, during
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Figure 31. Nitrate concentration in groundwater at Big Spring, during mid-
summer event.

periods when their discharge is dominated by shallow groundwater (e.g., base-
flow and interflow periods). Unfortunately, these portions of the hydrologic
system were not monitored in the same detail as Big Spring. Hence, the exact
timing of these changes is not as well documented.

As tile drainage discharge increased (from empirical observation) the nitrate
concentration (particularly from tiles draining fertilized corn) increased 25
to 60%, by 6/30 (e.g., figures 19 and 6). The concentrations reached maximum
levels between 6/30 and 7/4, some tiles showing concentrations of over 140
mg/1. Concentrations remained relatively high, and then recessed to the end
of July (e.g., figure 19 and 6).

Surfacewater nitrate concentrations fluctuated with discharge, as discussed,
from very 1low, diluted, values during runoff events, to much higher values
during baseflow-interflow periods. Again, across the period of the discharge
events, nitrate concentrations in the surfacewaters increased from 25 to 100%,
during these periods dominated by groundwater flow (e.g., figure 18 and 19).
In the smaller streams, in particular, nitrate concentrations remained
relatively constant to the end of July (e.g., figure 18).

Thus, the nitrate concentrations in the infiltration component, in the
shallow-flow system, rose sharply and decreased more slowly over this time
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frame, from the end of June to the end of July. The gaging of surfacewater
discharge at the Boog-D site provides some further insight (figure 18). After
runoff ceased the recessing stream discharge was comprised of groundwater
components--bank-storage return-flow and shallow-groundwater flow, which are
parts of the infiltration component (especially on such a small stream where
bank storage is small). As noted previously the NO3-N load was also calcu-
lated (figure 18). Even though nitrate concentrations remained high, the
nitrate-N Tload dropped relatively rapidly between 7/5 and 7/9 because dis-

charge decreased. This suggests a rapid decline in the quantity of infiltra-
tion recharge.

Returning to the Big Spring record, as already noted, the nitrate concentra-
tion minima are associated with maxima in runin, conduit-flow water. The
nitrate rises and "plateaus" are related to the return of dominance of the in-
filtration component, which, 1in this case, includes the elevated interflow-
baseflow discharge of the streams and tile lines running into sinkholes.

The first nitrate "plateau," of 6/29-30 may have been the Tevel to which ni-
trate concentrations would have risen if the other rainfall events had not
occurred. However, the succeeding events, in addition to providing added run-
in, conduit-flow water, dilute 1in nitrate, provided further volumes of in-
filtration recharge which caused more thorough saturation of the soil and more
efficient displacement of the soil water and solutes. Hence, nitrate concen-
trations continued to rise, in a series of stepped, "plateaus," on 7/2, 3, and
4, These steps are nearly coincident with the flat-portions of the discharge

recession, which were caused by the added small rainfall events previously de-
scribed.

Of note are the sharp fluctuations in nitrate on 6/30 and 7/1 between the peak
of the 6/30 discharge event and the arrival of "new water" with the 7/1 event.
As described for the dye-trace, the arrival of runin waters appears at times,
to be punctuated by slugs of identifiable runin water, separated by other
water. The nitrate data further support this thought: the various nitrate
minima in this interval correspond with the periods of dye-concentration
maxima, and conversely the nitrate maxima correspond with periods of dye
minima (east-side) or stable dye concentration levels (west-side).

As noted in the prior discussions, the sharp increase in nitrate noted on the
rising 1imb of the "plateau" may be explained as the relatively rapid passage
of runin, conduit-flow water followed by new infiltration water, enriched in
nitrate which is displaced from "storage" in the previously unsaturated parts
of the-soil profile. The much more difficult feature to interpret is the
falling 1imb of the plateaus. This must invoke a mechanism that promotes a 25
to 50% decrease in nitrate concentration in 12 to 24 hours. Rapid declines in
nitrate are easy to explain with the influx of surfacewater during a discharge
event, but this does not occur at the termination of the plateaus. In both
the April and the July plateaus the termination occurs abruptly about 3.5-4
days after the last significant precipitation.

Perhaps a mechanism can be found in the observations within the basin. As
noted in prior discussions, the nitrate concentrations in the tile-drainage
water (proxy of infiltration recharge water) rise immediately preceeding the
nitrate plateaus. Over the long term (of a few weeks) nitrate concentrations
in the tile-lines decline and reflect changes similar to those noted at Big
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Spring (e.g., figure 6), but the real time perspective of the 24-hour declines
in the nitrate plateaus are not reflected. (Concentrations did decrease
slightly in some tiles, e.g., site L22T. However, the tiles were not sampled
in enough detail at this time to accurately determine the timing or rate of
their drop in nitrate concentration.) As noted (figures 18, 19, and 6) ni-
trate concentrations in the basin decline slowly until toward the end of July,
and do not reflect the abrupt drop in concentration that occurs between 7/7
and 7/8 at Big Spring. However, the relatively abrupt decrease in nitrate-N
load, because of declining discharge, does occur between 7/5 and 7/8. Also,
by this time tile-drainage had essentially ceased on the east side of the
basin (in the Sass sub-basin, figures 3 and 5). As discussed, this suggests a
relatively abrupt decline in shallow groundwater flow (infiltration recharge).
The termination of the nitrate plateaus may mark the relatively rapid cessa-
tion of the free gravity-drainage, or infiltration, from the near surface,
which was displacing water enriched in nitrate. This component recharges the
groundwater system both through direct infiltration and through shallow base-
flow, interflow, stream discharge into sinkholes. The gradual recession in
nitrate concentrations that follows suggests that the water that continues to
recharge the aquifer and come out of storage has a lower nitrate concentra-
tion, but becomes proportionally greater than the high nitrate source water.

As discussed for rapid-infiltration changes during the April and the snow-
melt period, the rapid response time indicates that the source of these
effects must be the sinkhole basins and other areas where the bedrock 1is very
shallow beneath the land surface, and in relatively direct connection with the
soil. This is indicated because the high-nitrate infiltration water must in-
filtrate, and be transported quickly to Big Spring, in large part, through the
conduit-flow system; the high-nitrate water arrives within 24 to 48 hours of a

discharge peak, often immediately following the recession of runin, conduit-
flow water.

Another factor limiting interpretations of the nitrate plateaus is that their
termination occurs during gradual recession of groundwater discharge. For
example, the termination of the last July plateau does not coincide with any
of the sharper drops in water discharge that mark the end of the "flat"
periods on the hydrograph record (figure 31). Rather the termination of the
“nitrate" plateau simply occurs during gradual recession; discharge only de-
creased from 84 cfs (2.38 cms) to 77 cfs (2.18 cms) as nitrate dropped from
approximately 72 to 55 mg/1 (in 13 hours between 1820 hours, 7/7/83, and 0740
7/8/83). This is very similar to the termination of the April plateaus. In
both these instances, where the termination was completed (i.e., without a
subsequent event) nitrate concentrations dropped abruptly about 20 mg/1 as
discharge gradually decreased about 5-10 cfs (0.15 -0.30 cms). It is
interesting that 1in all instances the termination occurred as discharge
recessed within a range from about 90 cfs (2.5 cms) to about 75 cfs (2.1 cms).
(Ongoing monitoring, in water-year 1984 shows similar relationships.)

This suggests that there is not an abrupt termination of a particular source
of water--just an abrupt change 1in the amount of nitrate contained in
the water. In essence it suggests the nitrate plateaus simply mark the
passage of a "slug" (albeit, a large one) of high-nitrate water. A simple two
component mixing model of the change in nitrate concentration over this small
change 1in discharge would suggest that, if the high nitrate concentrations
were caused by a unique source of water, that the nitrate concentration in
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that water would have to be on the order of 200 to 400 mg/1. This seems un-
reasonable because it is considerably above the highest values recorded in any
of the tile-lines monitored in the basin. (Even if an offset relationship is
assumed between the timing of the chemical change and the discharge change un-
reasonably high values are implied.)

Although other rises and falls in nitrate concentration have occurred at Big
Spring related to obvious infiltration-discharge events, they have not been as
dramatic in magnitude, nor as abrupt in timing as the April and July nitrate
“plateaus." A review of monitoring records show that few events have had
sufficiently high magnitude (i.e., recessions beginning above 90+ cfs, Ori2.5
cms) to generate such phenomenon. Only in November, 1982 were conditions
appropriate, and indeed a sharp increase in nitrate concentrations is noted
(figures 1 and 2) but monitoring was not detailed enough to define this event.

In summary, the various observations about the nitrate "plateaus” suggest the
following:

1. The timing of the beginning of the nitrate "plateaus," in rela-
tionship to the discharge hydrograph, and the sharp rises in
nitrate concentation in tile-lines and other shallow groundwater
base-flow to streams show that the plateaus are related to the
infiltration, base-flow component of the groundwater discharge
at Big Spring. During recession of a discharge event this
component is comprised of true infiltration recharge and ground-
water base-flow and tile-line discharge into sinkholes. This is
only logical because the "storage area" for high concentrations
of the very mobile nitrate jon is in the pore water in the un-
saturated soil profile and immediately subjacent materials.

2. The rapid "arrival" or beginning of the nitrate "plateaus”
suggest that the source areas must be sinkhole basins and other
high-infiltration, shallow-bedrock areas, where infiltration
water, tile-drainage, and stream base flow water can enter, and
be rapidly transmitted through the conduit-flow system.

3. The relationships between the fluctuating or gradually declining
discharge and the stable portion of the "plateau” and its abrupt
termination suggest that the "plateau" is not related to a
discrete source of water which also abruptly passes through the
system. Rather this suggests that, in large part, the nitrate
concentration of the water must change.

4, While tile-drainage water (from the west side of the basin) also
shows relatively sharp declines in nitrate concentrations
(figure 6), the major decrease does not occur until some time
after the termination of the "plateau." Tile drainage, while a
proxy of some aspects of shallow groundwater, reflects only the
quality and activity of this water in the upper few feet of the
soil. Small stream base-flow which integrate somewhat deeper,
shallow groundwater movement, also maintains high nitrate con-
centrations but the total discharge (and hence the volume of
high-nitrate water) decreases in the same time frame as the
“plateau" termination. Also, in this same time frame
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tile-drainage in the eastern sinkhole basin areas essentially
ceased. This shows that there is some simple volumetirc de-
crease in the delivery of the high nitrate concentration water.
This also suggests a relatively abrupt decline in shallow
groundwater recharge, in the proper time frame.

The interpretation that we draw from all these lines of infer-
ence is that the nitrate plateaus are generated during infre-
quent, high-magnitude events which are marked by high-rates of
infiltration recharge. During these events the soil becomes
thoroughly saturated and true piston, or displacement flow takes
place--efficiently mobilizing and displacing high concentrations
of nitrate through the soil profile and into the groundwater
system in the shallow-bedrock, high-infiltration areas, through
direct infiltration recharge and by indirect discharge of
groundwater base-flow through surfacewater into sinkholes. The
terminations of the "plateaus" are caused by the concurrent and
rapid decline in the nitrate concentration in this displacement-
infiltration water, and the volumetric decline in the indirect
recharge. Because there is little perceptible change in the
rate of the groundwater discharge recession, there must be
little change in the overall rate of recession of the infiltra-
tion recharge and diffuse flow. Nitrate, and other less mobile
forms of nitrogen (organic-N) are not wuniformly distributed
through the soil. With high rates of application of N-
fertilizers over long periods the N and nitrate tends to occur
in high concentration in the surface horizon and generally at
some depth, below the rooting zone, in the soil profile or sub-
soil materials. How effective the displacement and movement of
nitrate is from these zones of concentration will depend on how
thoroughly saturated the soil is and how long it remains in that
state (contact and residence time). With macropore drainage it
is unlikely that displacement is totally effective. Two
mechanisms seem to be plausible causes for the termination of
the nitrate plateaus. First, as the soil becomes thoroughly
saturated the soil water will have time and opportunity for both
lateral and vertical movement through the zones of high nitrate
concentration in the soil. This will allow the mobilization of
the nitrate into the groundwater. As this mass of high-nitrate
concentration, infiltration water drains through the soil and
into the aquifer, the top of the zone of saturation (water
table) declines, gradually lowering the head and discharge of
the groundwater system. At some point the water table drops be-
low the zone of high nitrate concentration in the soil. Though
the water table, and hence discharge, continue a gradual de-
cline, the water now draining through the soil into the aquifer
is no longer in effective contact with the high nitrate concen-
tration zones, and the nitrate content of the recharge water
drops sharply. This mechanism must assume that infiltration, in
the concept of displacement or piston-flow, is not totally
effective in displacing the nitrate.

The second related mechanism may assume that the displacement is
very effective. During infiltration drainage through the soil,
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as the head lowers, the high-nitrate concentration water may re-
flect the displacement of much of the nitrate-N available at
that time. Concentrations then drop sharply after this pulse of
displaced nitrate is delivered into the groundwater system. The
water that continues to gradually infiltrate through the soil
has a much lower nitrate concentration, and mixes with the other
diffuse-flow water, which contains nitrate concentrations in the
range more typical (40-50 mg/1) for this time of year. As the
soil drains and returns to conditions more conducive to oxida-
tion additional N-species will be mineralized to NO3 and be
available for mobilization during subsequent events.

At first, it may seem unlikely that such events would take place
concurrently across the basin. However, the monitoring of tile-
drainage water shows that under conditions of widespread rain-
fall tile-lines respond nearly simultaneously in various
settings, in widely separated portions of the basin (see figure
6 for example). This has been observed elsewhere: Baker and
others note (1975, p. 411),

"Data from soil and groundwater sampling [sic], the
fact that abrupt increases in flow rate can cause
abrupt changes in NO3-N concentration, and the obser-
vation that NO3-N concentrations in tile drainage
water change simultaneously, all indicate that there
are pulses or waves of water passing through the soil
profile with different NO3-N concentrations. These
pulses or waves in drained areas probably are due to a
combination of factors such as soil moisture con-
ditions, depth and amount of organic matter, tempera-
ture, tillage, and timing and amounts of precipitation
and fertilizer applications.”

This will be further discussed in the section on tile-proxy mon-
itoring.

Another possible contributing factor may be inferred from the
discharge hydrograph data. As noted the terminations of the
"plateaus" always occur as discharge recesses between about 90
and 75 cfs (2.5 to 2.1 cms). As described in the discussion of
the snowmelt period, at discharges of about 85 cfs (2.4 cms) or
greater the conduit-flow system appears to be saturated to the
extent that it can transmit pressure waves, rapidly increasing
discharges at Big Spring as the head in the aquifer increases.
Collectively, this may also suggest that as the discharge re-
cedes below about 85 cfs (2.4 cms) that the head in the aquifer
may decline, and cross a threshold which allows the return-flow
into the conduits of lower-nitrate concentration water, which
was displaced into the aquifer, during the preceeding intervals
of greater head and discharge. (This water would be the
"return-flow" water analagous to "bank-storage" water discussed
by Hallberg et al., 1983, p. 151-153). This mechanism certainly
contributes to the gradual decline in nitrate concentrations
which occurs after the termination of the plateau.
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This general relationship may also suggest that in this range of
discharges the head decline lowers the water table below the
source of the high nitrate concentrations in the soil, as dis-
cussed in item 5 above, and/or this may imply the cessation of
recharge from these rapid infiltra-areas because of the decline
in head. However, this in part, infers the termination of a
source of recharge water for which there is little evidence, as
previously discussed.

2. Other Infiltration Parameters

As mentioned, other parameters also fluctuated with nitrate, and SpC, notably
chloride and sulfate, but these parameters were not monitored in such detail.
For example, C1, which is generally present at 18-19 mg/1 concentrations,
reached a measured minimum of 12 mg/1 during dilution at new water. In
general, all major ions with the previously noted exceptions of potasium and
iron showed lower concentrations in the "new" runin water because of little
interaction with the soil during recharge, and limited interaction with the
aquifer itself, because of fast conduit-flow rates. A1l the data from the
mineral scan analyses are tabulated in Appendix 2.

Hydrograph Separation

The discharge hydrograph of the midsummer rainfall event was separated into
diffuse-and conduit-flow components wusing the methods described in the dis-
cussion of the snowmelt period (also see Hallberg et al., 1983). The ana-
lytical separation is shown in figure 32. Peak-conduit flows of about 160 cfs
(4.6 cms) are indicated, almost two thirds of the total discharge. During the
major discharge period (6/30/83-7/11/83), about 2,400 acre-feet (2.96 million
cm) of water were discharged. Based on the analytical separation, about 1840
acre-feet (2.27 million cm), or 77% of the discharge was infiltration-diffuse
flow recharge, with the remaining 560 acre-feet (0.69 million cm) representing
surface runoff to sinkholes and conduit flow. Spread over roughly 7,360 acres
(2,980 ha) which drain to sinkholes, the conduit-flow system delivered 0.91
inches (23 mm) of runoff, or about 15% of the rainfall occurring between
6/27/83 and 7/8/83. This figure may seem low. However, as discussed in a
previous section, some of the rains were relatively light (less than 0.5
inches, spread over a number of hours) and generated 1ittle runoff; the area
is marked by high infiltration, and major runoff events exceed the capacity of
some sinkholes to swallow all the runoff reaching them. Also, some streamflow
into sinkholes is 1lumped with 1infiltration recharge, especially during re-
cession, as previously discussed. The analytical separation may be checked
using an approach that is essentially similar to that used for the chemical
separation, discussed for the snowmelt events.

Total, conduit-flow, and diffuse-flow discharges are taken from the hydrograph
and the analytical separation. The concentration of a given chemical
parameter, which is known for the total discharge, is estimated for one (or
both) of the two flow components. The concentration of this parameter in the
second flow component is then calculated. This was done using specific con-
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Figure 32. Analytical hydrograph separation of the mid-summer event.

ductance and atrazine. A specific conductance of 700 umhos/cm? was estimated
for the diffuse-flow component. At maximum dilution, a conduit-flow component
conductance of 440 umho/cm? is indicated. During peak discharge at surfac-
water site Boog-U, just upstream from where the stream is swallowed by sink-
holes, a specific conductance of 180 umhos/cm? was measured during runoff.
Specific conductance will increase during subsurface flow, principally through
dissolution of the the calcite and dolomite comprising the Galena aquifer.
The magnitude of this increase is uncertain. Bassett (1974) noted average in-
creases in hardness (calcium plus magnesium concentrations) of about 40%,
under flow rates of 5.5 miles/day or less, in conduit-flow groundwater within
the karst areas of southern Indiana. Data from Jacobson and Langmuire (1970)
indicate that specific conductance roughly triples in sinking stream-spring
systems in Pennsylvania, over a 9000 foot (2700 m) flow path and 1000 feet/day
(300 m/day) flow velocities. If the analytical method is giving a realistic
two component separation, the specific conductance of surfacewater runoff in-
creases 2-2.5 times during peak subsurface conduit-flow. While this increase

seems reasonable, it does not provide the best check on the validity of the
separation.

Atrazine concentrations yield a better check on the hydrograph separation.
Atrazine has no natural subsurface source, although some atrazine 1is likely
attached to sediments within the conduit system. Background concentration
during diffuse-flow dominated periods are about 0.2 ug/1. This value was used
as the atrazine concentration in the diffuse-flow component. (A value of 0.4
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ug/1 was also used, as this was the atrazine concentration 1in diffuse-flow
periods after the event; calculated conduit-flow values are only 0.1 -0.2 ug/1
less when this higher value is used.) From these calculations, atrazine con-
centrations ranging from 5.8 to 8.7 ug/1 are indicated for the conduit-flow
component, when discharge is above 150 cfs. Measured atrazine concentration
at Boog-U was 6.6 ug/1 during peak discharge, and atrazine levels in mid-
summer surface runoff are generally between 5-10 ug/1. As noted in previous
sections, closely-spaced sampling delineated two peaks in atrazine concentra-
tion in Big Spring discharge. The first (1800 hours, 7/1/83), 4.7 ug/1, has a
calculated conduit-flow atrazine concentration of 6.7 pg/1, virtually matching
the measured value at Boog-U. The second peak (0030 hours, 7/2/83), 5.1 pa/1,
was associated with the highest calculated atrazine level, 8.7 ug/1. The gen-
erally good agreement between measured and calculated atrazine values supports
the overall validity of the hydrograph separation shown in figure 32.

Specific conductance measurements were also used to separate the hydrograph
(figure 33). Assumed flow component concentrations were 700 umhos/cmg in
baseflow and 400 umhos/cm? in conduit flow. The conductivity based separation
indicates that the diffuse-flow component delivered 87% of the total dis-
charge, compared with the 77% indicated by the analytical separation. The
effect of displacement water 1is clearly seen 1in the separation, as the
diffuse-flow component dominates the rising limb of the 7/1 discharge event
and then drops dramatically at the new-water arrival. Compared to the
analytical separation, the conductivity-based method suggests an earlier re-
turn to total diffuse-flow conditions. Conductivity returns to 700 umhos/cm?
by 0930 hours on 7/3/81, at a discharge of about 140 cfs (4.0 cms). By
7/8/83, conductivity was 730 umhos/cm?, and was at 780 umhos/cm? by the end of
July. Processes other than simple dilution were affecting the diffuse-flow
component conductivity. Also, using a single value for the conduit-flow
component involves problems. On small streams such as those in the Big Spring
basin, shallow-groundwater flow (interflow and direct tile-drainage) 1is often
an important contributor to streamflow, and may cause significant increases in
dissolved constituents, and the conductivity as the flood wave passes. The
separation generated by the analytical method, checked with atrazine-
concentrations (which acts as a "tracer" of runoff water) is considered the
more valid of the two separations, and points out the usefulness of combining
classic analytical methods with chemical analyses of proper parameters. Both
methods reveal different features though and are worthy analytical tools; the
SpC separation clearly shows the displacement water but returns to base-flow
too quickly as indicated by other parameters. The small difference (10%) be-
tween the methods, however, provides a perspective on the validity
of the numerical estimates of the flow parameters.

Chemical Delivery by Flow Components

The hydrograph separation (figure 32) may be used to estimate the chemical
Toads discharged by the infiltration-recharge, diffuse-flow component and the
runin-recharge, conduit-flow component. This was done in two ways, using a
weighted and unweighted concentration for the chemicals of concern, q1trate-N
and atrazine. For the unweighted method, the measured concentrations are
simply assigned to the water volumes indicated by the analytical hydrograph
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Figure 33. Hydrograph separation of the mid-summer event using specific con-
ductance.

separation. Weighted loads are derived by assigning estimated chemical con-
centrations to one (or both) of the flow-components (derived from the detailed
monitoring). For nitrate, diffuse-flow component concentrations of 75 and 80
mg/1 were used; the diffuse-flow atrazine concentration was considered to be
0.4 ug/1. As noted in the previous discussion these values are very realistic
in relation to the observed values. Thus, the "weighted" analyses are con-
sidered to be more realistic, but should be compared with the unweighted
values for perspective. Results of the calculations are given in Table 14,
Even the unweighted values show that the diffuse-flow component is enriched in
nitrate, and the conduit-flow component is enriched in atrazine. Weighted
values indicated that diffuse-flow (77% of total discharge) delivers 87% (76,
930 1bs, 34,890 kg) of the nitrate-N, while conduit flow (23% of the total
discharge) delivers 80% (7.2 1bs, 3.53 kg) of the atrazine.

Groundwater discharge for the period 6/30/83-7/11/83 was 2,394 acre-feet (2.95
million cm), more than was discharged during any one of the low-flow months of
August, September, or October. This volume is about 6% of the total discharge
from the Galena aquifer for the Turkey River for the water-year (12 days is
about 3.3% of the water year). The conduit-flow discharge during this period,
560 acre-feet (0.69 million cm), was about 12.5% of the annual total. During
this period, 88,420 1bs (40,100 kg) of nitrate-N was discharged; more than was
discharged during most low-flow months. This N-load represents 7.7% of the
nitrate-N discharged to the Turkey River during the water-year. Total atra-
zine discharge was 9.1 1bs (4.4 kg), 29% of the total for the water-year.
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Table 14. Summary of Big Spring analytical hydrograph separation data for
the 6/30-7/11/83 events.

A. Water Discharge Millions Millions
Cu Ft Liters
Total 104.3 259565
("Infiltration") Base Flow - 77% 80.3 2,275
(SpC Separation - 87%)
("Runin™) Peak-Conduit Flow - 23% 24.0 680

(SpC Separation - 13%)

B. Nitrate-N Discharge Pounds Kilograms
Total 88,420 40,100
"Unweighted"

Base Flow - 79% 69,850 31,680

Conduit Flow - 21% 18,570 8,420
"Weighted"

Base Flow - 87% 76,930 34,890

Conduit Flow - 13% 11,490 5,210

C. Atrazine Discharge Pounds Kilograms
Total 9.1 4.41
"Unweighted"

Base Flow - 60% 5.8 2.64

Conduit Flow - 40% 3.8 1.77
"Weighted"

Base Flow - 20% 1.9 0.88

Conduit Flow - 80% T2 3.53

These figures show the importance of the contributions that large storm events
can make to annual chemical losses. Particularly, they demonstrate the impor-
tant contribution of major runoff-recharge events to pesticide losses.

Tile-Line Monitoring: A Proxy of Shallow Groundwater Quality Responses
The parallel responses in water-quality changes over time (see figure 6) be-
tween tile-line discharge water and the groundwater (as shown by water-quality
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at Big Spring or in well-networks), illustrate, as previously discussed (see
also Hallberg et al., 1983; Libra et al., 1984), that these data can be used
as a proxy indicator of the behavior in the shallow soil-groundwater system.
This is true not only for the changes in nitrates (as in figure 6), but also,
as discussed by Hallberg and others (1983) and Libra and others (1984), the
species and concentrations of pesticides in tile-1line discharge water are
indicative of the concentrations of pesticides routinely found in the deeper
groundwater. Tile lines are, in essence, long, shallow, horizontal collector
wells. Although tile lines many enhance the losses (and hence concentrations)
of nitrate-N, because of accelerating drainage flow rates (Baker and Johnson,
1977), in areas of high infiltration the quality of the tile-line water close-
1y approximates that found in shallow groundwater which is used for drinking
water (Libra et al., 1984; Hallberg et al., 1983).

There are three important proxy observations that can be made from the mon-
jtoring of the tile lines: 1. the inter-relationships among chemical
application-land management, tile-drainage water quality, and groundwater
quality; 2. the mechanisms of soil-water, groundwater and solute movement;
and 3. the timing of the response of the soil-water, solute system to recharge
events. First, as previously discussed, the Tong-term seasonal fluctuations
in nitrate concentration in the tile drainage water (draining land in
continuous, fertilized corn) directly parallels those fluctuations in the
groundwater system, showing that the same processes of water movement and
leaching of nitrate that affect the tile drainage carry through the hydrologic
system into the bedrock aquifers in a region such as this. The importance of
these observations is that many studies have shown that the concentration and
amount of nitrate-N discharged in the tile-water is directly related to the
rate of N-fertilization (e.q., Baker, and Johnson, 1977; Gast et al ., 19783
Baker and Laflen, 1983; Kanwar et al., 1983; Nelson and Randall, 1983).  Such
data show the 1link among agricultural-management practices, tile-drainage
water quality, and groundwater quality. Second, the observations from the
tile-drainage water provide insights into the mechanisms of soil-water,
shallow-groundwater and solute movement. The movement of soil-water and con-
tained solutes takes place by two processes (and various combinations): 1)
displacement flow, or mass-flux, where, 1in a saturated or near-saturated
state, the soil-water and solutes are displaced downward through the soil
matrix by the addition of additional water (and thus, additional head) from
above; and 2. by water (and solute) flow-through-macropores, which may take
place under various conditions of soil moisture, where water moves more rapid-
1y downward through large pores and physical discontinuities (root tubules,
animal burrows, frost or shrinkage cracks, or cracks or voids betwen soil-
structural units) in the soil. Flow-through-macropores is now thought to be
far more 1important than previously recognized (Thomas and Phillips, 1979;
Quisenberry and Phillips, 1976; Shufford et al., 1977; Baker and Johnson,
1981; Simpson and Cunningham, 1982; Pettyjohn, 1982; McKeague et al., 1982;
Megahan and Clayton, 1983; Germann et al., 1984). These two processes may
have very different affects on the quality of water discharged from the tile
line (e.g., previous citations). The third important observation, deals with
the timing of the response to rainfall-recharge events. As noted previously,
with widespread climatic events (rainfall or snowmelt) tile-drainage in widely
separated parts of the Big Spring basin responds simultaneously.

Another 1ntrigujng chtor of the observations on the tile-drainage water is
that the soil-tile line system is a direct, small-scale analogy of the karst-

86



groundwater system. Both systems may be described, in general, as three
component system (e.g., Libra et al., 1984). The matrix of the soil, (and the
aquifer) is marked by microporosity and relatively Tow interstitial hydraulic
conductivity. The tile-lines in the soil are analagous to the large conduits
in the karst-carbonate aquifer flow system; they mark a zone of very rapid
groundwater movement which draws down the potentiometric surface and induces
water flow towards and into them. The third component is intermediate between
these end members--grading from one to the other--and includes the zones of
macropores with intermediate porosities and conductivities. This "interme-
diate" condition is 1ikely dominant on an areal basis. The movement of water,

and the quality of water, transmitted through the soil may differ depending on
what conditions dominate at a given time.

It is important to recognize that much of the macroporosity will function at
all times, over a wide range of conditions (though macropores related to frost
or dessication cracking may not persist). When the soil is relatively
dry (or in the aquifer with a Tow potentiometric surface during base flow) and
macropores are open to the surface, precipitation or runoff water will be able
to directly percolate down into the soil. This water will have very low con-
centrations of mobile soluble constituents such as nitrate, because of the
short "residence time" and limited interaction with the soil. This water will
only mobilize small amounts of nitrate and the flow of this water into the
tile Tine will cause nitrate concentrations to decrease relative to base flow
conditions. However, such flow may transmit small amounts of nitrate deep in-
to the subsoil (e.g., Thomas and Phillips, 1979).

Tillage will disrupt macropores in the "tilled" or plow-zone, and thus for
some time after tillage macropores may not extend to the surface. This does
not preclude macropore flow; deep percolation through macropores still occurs,
though to a lesser extent than in an undisturbed soil (Quisenberry and
Phillips, 1978; Thomas and Phillips, 1979). Under such conditions the soil-
moisture in the plow-zone will increase until the potential is great enough
for water to enter the macropores. Then the water will move down the macro-
pores under gravitational potential, even if the soil is below field capacity
moisture content (Quisenberry and Phillips, 1976; Aubertin, 1971). If . astiis
often the case (e.g., Baker et al. 1975; Gast et al., 1978; Baker and Johnson,
1981), there 1is a large amount of available nitrate in the plow zone, this
nitrate will be mobilized in the soil water and high concentrations of nitrate
may be transmitted down the macropores, deep into the subsoil, or into an
aquifer below (e.g., Thomas and Phillips, 1979). If the subsoil matrix is not
saturated, water and nitrate (or other solutes) from the macropores will enter
into the matrix by direct infiltration as well as diffusion.

Under saturated conditions the macropores will still function as avenues of
rapid water and solute transport, though their effects will be less obvious.
Because the macropores transmit water much more quickly than the matrix they
will, in effect, "drawdown" the zone of saturation, increasing potential, and
cause water from the saturated matrix to flow into the macropores. Thus, the
macropores will enable water and solutes, such as nitrate, to drain to depth
(to a tile-line, or to an aquifer, etc.) much more rapidly than they would
through the matrix itself.  Thus, macropores may play an important role in
both the recharge of water into the soil, and the redistribution of solutes in
the soil, as well as the discharge through the soil (under saturated or un-
saturated conditions). The downward leaching of mobile solutes, such as ni-
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trate will not be as thorough under macropore flow as with saturated-
displacement flow, however.

These effects have direct analogies in the karst-carbonate aquifers where
"macro-fractures" serve a similar capacity (see Libra et al., 19848).: - Lfthe
macro-fractures are directly open to the surface, or if they have a soil
mantle covering them similar differences in nitrate movement will occur as de-
scribed above.

The monitoring of the quality of tile-drainage water provides some examples of
these mechanisms. As noted, during snowmelt the nitrate concentrations de-
cline sharply in all parts of the hydrologic system--in the groundwater in
wells or at Big Spring, in surfacewaters, and in tile lines (see figures 6-8,
and Hallberg et al., 1983). As snowmelt began the tile drainage discharge in-
creased (as noted in the field and through ‘stage' measurements of the water-
level in the tiles) and nitrate concentrations dropped sharply from values of
70-80 mg/1 to 30-40 mg/1. During this time the soil matrix was still frozen
and little or no matrix-displacement flow could occur. Also as the soil began
to thaw and tile discharges remained high, the nitrate concentration abruptly
rose back to near their pre-snowmelt values, and then more slowly climbed to
higer levels even as tile-discharge fluctuated and declined. Even if we ig-
nore the fact that the soil matrix was frozen, such behavior could not occur
simply through displacement flow. Changes in nitrate concentrations in tile-
drainage water may be related to the depth where nitrate is stored in the soil
profile at a given time (Baker et al., 1975). However, as noted previously,
high concentrations of nitrate can almost always be found in the upper por-
tions of the soil profile (particularly in fertilized continuous corn areas,
such as discussed here) and soil sampling (described in the section below on
soil core analyses) in the Big Spring basin in the late-fall and early-winter
of 1982 and 1983 show that to be the case here as well. Also, if the decrease
in nitrate concentrations was caused by low concentrations of nitrate in the
upper portions of the soil profile (which would be involved as the top of the
zone of saturation rose to increase tile drainage) then nitrate concentrations

would not rise sharply as the soil matrix thawed out nor as further rainfall
infiltration events took place.

The reduction in nitrate concentrations is caused by recharge of snowmelt
water down macropores (likely enhanced by frost-cracking) which dilutes the
nitrate concentrations, in the same manner it does in surfacewaters and the
runin component of the groundwater at Big Spring.

Unfortunately, the tile-drainage waters were not sampled in detail during the
April, 1983 nitrate "plateau" events. The detailed observations during the
June-dJuly events, however, provide a sharp contrast with the snowmelt period
(figures 6 and 19). As described, previous to the June-July events conditions
had been dry and the first rains, even though considerable, did not generate
much runoff. Unfortunately, by the initial sampling of the tile-drainage
waters their discharge had already increased and nitrate-concentrations also
increased sharply from values of 70-90 mg/1 to 110-140 mg/1. With over 7
inches (180 mm) of rain that fell soils did become saturated (from field ob-
servations). Combined processes of matrix-displacement flow and macropore
flow mobilized large amounts of nitrate-N from the upper portions of the soil
profile, displacing them to depth, to tile-drainage water, to the aquifer, or
to depth in the subsoil. After these events the weather was quite dry (figure
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1) and as the water table dropped nitrate concentrations in the tile water
also dropped sharply, returning to their former values by late July (figure
6). As hot, dry weather and recession continued, the nitrate concentrations
further declined to less than their spring and early summer values.

Another rainfall-discharge event was monitored in some detail in early Octo-
ber, 1983 (the beginning of water-year 1984). This event again followed
rather dry antecedant conditions and generated an interesting, mixed response
from the tile-lines (figure 34).

Gentle rain began to fall about 0100 hours on 11 October, and continued until
about 0100 hours on 12 October. About 2 inches (50 mm) of rain fell. The
tiles had been sampled on 3 October, and detailed sampling began at 0700, 11
October and continued at about 3-4 hour intervals through 13 October.

Figure 34 shows some of the pertinent data: 1. discharge and nitrate concen-
trations at Big Spring; nitrate-concentrations from: 2. tile-line L22T (site
109, figure 3), which drains an area of alluvial soils along Silver Creek
which is cropped in continuous corn; 3. Silver Creek, L23S (site 110, figure
3) just downstream from L22T; 4. several sites from the Bugenhagen basin
(figure 3 and 4), BTL-1(UW), a tile line which drains an area of sloping loess
soils and a small upland drainageway in continuous corn; 5. Boog-U surface-
water site near where BTL-1(UW) discharges into it; 6. BTL-2(D) a tile line
which drains a fertilized pasture, downstream from the BTL-1, Boog-U sites and

drains soils similar to BTL-1; and 7. Boog-D a station on the same stream as
Boog-U, but downstream near BTL-2.

By 1000 hours, 10/11/83, the nitrate concentrations in L22T and BTL-1 had
dropped slightly, perhaps indicating macropore-recharge and dilution. No run-
off had begun yet and surfacewater nitrate concentrations remained stable. By
1200 hours some runoff had begun 1in headwater areas and Boog-U nitrate con-
centrations quickly fell below detectable Tlevels (<5 mg/1). By 1500 hours
runoff had peaked and all the surfacewater sites showed sharp reductions in
nitrate. In this short time the tile-line nitrate concentrations changed
abruptly and simultaneously, but differed in direction.

After an initial small drop in concentration, the nitrate concentration rose
sharply from 57 to 71 mg/1 in L22T, draining the alluvial-bottomland soils.
In contrast, while L22T rose BTL-1 simultaneously decreased from 61 to 22
mg/1. BTL-2, draining the pasture showed very little change, declining only
1-2 mg/1, but it also changed synchronously.

During the peak tile flow L22T remained high, increasing to 73 mg/1, while
BTL-1 increased to 34 mg/1 by 0030 hours on 10/12. Surfacewater-runoff re-

cession began earlier (by 2200 hours 10/11) and by 0030 surfacewater nitrate
concentrations had begun to rise.

Subsequently tile-drainage discharge also declined. As it did so the nitrate
concentrations also declined slightly at L22T to about 70 mg/1 and then on
10/13 (figure 34) rose to higher levels yet at 75 mg/1. Nitrate at BTL-1 rose
sharply during recession reaching 60 mg/1 by 2100 hours on 10/12. As with
L22T, nitrates at BTL-1 then rose slowly reaching 67 mg/1 on 10/13 and then
gradually rose to 74 mg/1 the following week (figure 6). As runoff ceased,
surfacewater discharge recessed and by 1200 hours on 10/12 streamflow
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was comprised solely of shallow groundwater flow-interflow, tile-drainage, and
bank-storage return flow. By 10/12 nitrate concentrations in the streams ;had
risen to levels 15 to 20 mg/1 higher than they were before this interval.

On the east side of the basin where, in the high-infiltration area where the
piezometric surface in the aquifer is very deep beneath the land surface, no
runoff or tile-drainage was initated by this rainfall. Thus, only a very
small response was noted at Big Spring (figure 34). Discharge rose slightly,
but rapidly, from about 30 cfs (0.85 cms) at 1700 hours, 10/11, to 37 cfs (1.0
cms) at 2400 hours. Discharge peaked about 12-14 hours after runoff-runin be-
gan. Nitrate concentrations decreased slightly from 42 mg/1 and fluctuated
around 39-40 mg/1 until 10/13. On 10/14 nitrates began to rise gradually,
about 36 to 40 hours after when runoff stopped and surfacewater nitrate con-
centrations began to rise more sharply. After this, additional rains the
following week caused a sharper rise in nitrate concentrations (see figure 6).
These response times are similar to those described previously. The observa-
tion suggest that another reason for the rapid response time of such small
events may be that only the western sinkholes receive runin with such small

events, and as noted the travel time from this part of the basin is 1less than
from the east side.

The different responses in the three different tile lines, under different
soil and/or crop conditions, illustrate the range of processes and responses
possible 1in the shallow soil-groundwater system. It also points out the
complexity of chemical responses that may occur under dry antecedant con-
ditions in late-summer early-fall seasons. Although the response of the tile-
drainage to the rainfall was rapid and synchronous, the processes affecting
them, and hence the nitrate concentration changes were very different.

Discharge from tile-1ine BTL-1 was dominated by macropore flow, dilute in ni-
trate, causing the sharp decline in nitrate concomitant with the rise 1in dis-
charge. Even while discharge remained high nitrate concentrations increased,
suggesting that some matrix-displacement water with higher nitrate concentra-
tions began discharging. Upon recession nitrates rose more sharply and
reached levels higher than before the event began. This suggests that
additional nitrate was displaced lower in the soil, so that as discharge, and
hence the water table, fell to lower levels more nitrate was discharged.

At L22-T the situation was different. The initial, albeit small, drop in
nitrate concentrations also suggests that macropore flow initiated the in-
crease in discharge. However, nitrate concentrations abruptly reversed trend
and rose sharply as discharge continued to increase. This suggests that,
possibly in these alluvial soils, infiltration of the rain water was more
effective at saturating the soil matrix and displacing water, with high con-
centrations of nitrate, through the soil profile.

Tile-line BTL-2, in the pasture area showed the same discharge response but
almost no change in nitrate concentration. This may be related to two
factors. This pasture area is lightly fertilized every other year (or so) but
has not been cropped to corn, with heavy fertilization for over 5 years.
Thus, nitrate concentrations are (as obvious from the discharge data) much
lower than in the continuous corn areas, and 1is likely more uniformly dis-
tributed (in terms of comparative concentrations) in the upper few feet of the
soil. Second, although the soils will have macropores related to plant roots
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and soil structure, with the more dense plant cover and no exposed soil (as
between the corn rows) there is not likely to be as many dessication-crack
macropores at the soil surface as at BTL-1. The very minor dilution that
occurred may reflect minor macroprore flow mixed with matrix-infiltration

which caused a head increase and displacement of similar nitrate concentration
water.

SUSPENDED SEDIMENT, ORGANIC-N, AND AMMONIUM-N:
PROPERTIES AND ESTIMATES OF ANNUAL DISCHARGE

As discussed, suspended sediment, organic-N, and ammonium-N were monitored
intermittently at Big Spring during the water-year. From these data, and the
general relationships discussed for discharge events of various magnitudes,
some estimates of the total, annual discharge of these parameters in ground-
water can be made.

Suspended Sediment

The suspended sediment load during groundwater base-flow at Big Spring is low,
averaging about 440-480 1bs/day ?200-220 kg/day). As discussed for the late
June-early July events, during peak, conduit-flow events suspended sediment
loads are very high, similar to surfacewater values, and achieve discharge
rates of 192,000 1bs/hour (87,000 kg/hour). The total discharge of suspended
sediment at Big Spring for water-year 1983 1is estimated to be approximately
7,012,000 1bs or 3,506 tons (3,180,200 kg). Approximately 98% of this
sediment was discharged during conduit, peak-flow discharge events. This is
one of the principle reasons that these events create serious problems for
water management at the ICC Fish Hatchery. If this mass of sediment is pro-
portioned back over the sinkhole basins, for perspective (and noting the prior
discussion of the shortcomings of the assumptions involved), this would
average about 0.5 tons/acre/water-year 1983.

As also noted in prior discussion, the suspended sediment Tload varies in
character over time, both in terms of particle-size and the amount of organic
matter that may be associated with the sediment. Table 15 summarizes the data
from analyses of the suspended sediment samples (sampled from sediment traps
installed at Big Spring). A few generalizations can be made. First, early
spring and snowmelt samples tend to be more coarse (i.e., -contain more sand,
and more coarse sand) than samples from later in the year. These spring
samples tend to have less organic debris associated with them, also. Second,
there is very little nitrate associated with the sediment, as would be ex-
pected. Third, both dieldrin and atrazine occur attached to the particulates
(clay particles) or organic matter, in varying concentrations. When detected,
Dieldrin associated with the sediment ranged from 0.60 to 8.0 wupg/kg, and
atrazine ranged from 2.6 to 9.2 ug/kg. These two pesticides have also been
detected associated with the suspended sediment in streams draining into sink-
holes, as has the insecticide Furadan (carbofuran), in concentrations ranging

from 0.6 to 1.1 npg/kg dieldrin, 1.1 -2.6 pg/kg atrazine, and 1.9-3.5 ug/kg
Furadan.
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Mineralogical analysis of the sediments has shown that the coarse fraction
(sand-size particles) is dominated by material derived from the rock of the
Galena aquifer, while the fine (clay) fraction is a typical mix of materials
derived from the soils and Quaternary deposits in the basin. The sand
fraction is typically dominated by abraded dolomite rhombs, derived from
mechanical erosion of the Galena aquifer. The clay mineralogy (see Hallberg
et al., 1978 for methods) from these samples ranged from 42-59% for expandable
clay minerals (smectite), 25-38% for illite, and 17-20% for kaolinite and
chlorite. This covers the typical range for different Quaternary deposits in
the region (see Hallberg, 1980).

Organic-N, Ammonium-N

Organic-N and ammonium-N are other compounds which contribute to the total
nitrogen loss from the basin. As noted their presence in groundwater coin-
cides with surfacewater runin, conduit-flow events, and their concentration
vary, rather directly, with the suspended sediment concentration. Ammonium-N
has never been detected in groundwater during base-flow periods or even moder-
ate magnitude conduit-flow events. Similarly, organic-N 1is usually not de-
tectable during base-flow but does appear in some concentration during most
peak-discharge events. Thus, these constituents are associated with the run-
in, conduit-flow components.

For water-year 1983 the amount of organic-N discharged in groundwater is
estimated at approximately 19,300 1bs-N %8,750 kg) and the amount of ammonium-

N at 1,080 1bs-N (490 kg). This is a negligible amount of nitrogen compared
to the mass of nitrate-N discharged (see Table 8); together organic and
ammonium-N equal only 1.5% of the nitrate-N discharged from the basin in
groundwater or about 0.7% of the total (surfacewater and groundwater) nitrate-
N discharged. In surfacewater organic-N and ammonium-N concentrations are
generally greater and more persistant. Surfacewater contributions of these
N-species were not monitored in detail to sufficiently warrant a quantitative
estimate, but it is apparent they would likely add 5-10% additional to the
total N lost from the basin.

NITRATE AND PESTICIDE ANALYSES FROM SOIL CORES

During the course of the Big Spring study numerous soil cores have been
collected to examine the the nature of the soils and the thickness and
stratigraphy of the Quaternary deposits in the basin. A number of sites were
cored in October and November in 1982 and 1983, after corn harvest. At 21 of
these sites, under different 1landuse, soil samples were collected for labo-
ratory analysis for nitrate-N and pesticides which may be stored in the con-
tained soil water. ' '

Soil cores were taken using a trailer-mounted Giddings hydraulic soil-coring

machine. Either two or three inch (5 or 7.6 cm) diameter cores were taken at
each site. The cores ranged from a few feet to 35 feet (1 -11 m) in depth
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Table 15. Analyses of suspended sediment samples from Big Spring.

PARTICLE-SIZE PESTICIDES NITRATE ORGANIC
DATE Coarse Fine MATTER*
COLLECTED Sand Silt Silt Clay
% ng/kg mg/kg
1981
10/27 N.D.
11/10 N.D.
1982
3/182 36.3 44.7 9.5 9.4 0.2
3/222 0.65 (Dieldrin) 0.4
9/6 40.3 34.3 7.1 Tl
9/22 8.0-Dieldrin o*
11/3 3.6-Dieldrin
5.1-atrazine
11/302 24.8 35.4 23.1 ., ,,16:7 l.l-Dierrfn 0.6 0
5.0-atrazine
12/82 26.3 47.4 14,5 11.8
1983
2/222 49,3 32.8 11.8 6.1 9.2-atrazine
5/42 1.1-Dieldrin
7/22 21.8 20.7 38.6 18.9 2.6-atrazine 0l

0.6-Dieldrin

*0 - Abundant, decomposed organic matter in sample.
1 - Organic matter dominates sample; with numerous water worn woody fragments,

pieces of corn cobs.
2 - Sample related to conduit peak-flow event. Other samples are integral of long

sample collection period.
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(dependent on the depth to bedrock). The soils and geologic materials were
described and samples were collected from selected horizons.

A11 cores were collected from relatively 1level surfaces (A or B slopes) in
various landscape positions. All sites were a minimum of 25 feet (7.5 m) in
from fence rows or end rows. In corn fields all coring was done in inter-row
areas. For N-balance studies using soil cores it 1is common practice to take
and analyze duplicate (or multiple) soil cores from each plot because of the
variation in nitrate content, particularly in the upper few feet (1 m) of the
soil profile (e.g., Cameron et al., 1979). For this study, duplicates were
run only from a few sites. The primary purpose of these soil analyses was to
gather some background information on the concentrations of nitrate and pesti-
cides at depth (as well as near the surface) under different landuse-land
management., Limitations of funding precluded running duplicates of cores that
were analyzed to depths of 20 feet (6 m). However, the variability apparent
from the duplicates that were run, was not great enough to affect the compar-
ison of the marked differences between different landuse areas.

The soil sample analyses were done by UHL. The soils were analyzed for ni-
trate using the Army Corps of Engineer's elutriate method (U.S. Army Eng.,
Waterways Exp. Station, 1976, Misc. Paper D-76-17, "Ecological evaluation of
proposed discharge of dredged or fill material into navigable waters.").
Moisture contents of the soils were determined gravimetrically. The nitrate-N
was extracted with a 1:4 ratio of sample to demineralized water with at least
one-half hour of agitation. The extracted water was clarified, decanted and
analyzed using standard Cd-reduction technique; therefore the concentration
data include NO3-N and NO»-N. More detailed analysis show almost no NOp-N was
present. According to some studies this procedure may not extract all the
NO3-N (see Lindau and Spalding, 1984).

The soil samples were analyzed for pesticide residues following EPA methods
(U.S.E.P.A., June 1980, Manual for the analysis of pesticides in humans and
environmental samples, EPA-600/8-800-083, section 11). In brief, a soil
sample at about 10% moisture content was mixed with (1:1) sodium sulphate and
ground. Pesticides are extracted using a solvent flux of acetone and hexane.
The pesticide concentrations are routinely determined by gas chromotography.

A1l results are expressed in terms of the dry weight of the sample (e.g.,
mg/or ug/kg). For discussion the nitrate-N data has been converted into kg/ha
equivalents, using the concentration and the bulk density of the soil materi-
als. These data have been summarized by depth in 20 cm (8 inch) increments in
the surface soil horizons, and in 50 cm (20 in) increments with depth. The
various data are tabulated in Appendix 3.

Soil Nitrates

The data for nitrate-N 1in the soil profiles is summarized in Table 16 and
figures 35 and 36. Figure 35 shows graphs of the amount of NO3-N/ha per 50 cm
(20 in) increment of depth in the soil profile for selected sites. In essence
this shows the normalized concentration of NO3-N with depth in the various
profiles.  Figure 36 shows the cumulative amount of NO3-N/ha, with depth, for
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the same sites. Table 16 summarizes the high and low range for the concentra-
tions and cumulative NO3-N, under different landuse.

Figure 35A shows the distribution of NO3-N beneath long term forested areas
(in forest the past 40 to 50 years). The highest concentrations of NO3-N are
found in the top 50 cm (20 in); this is related to natural mineralization of
organic-N in the O/E horizons of these soils. The concentrations decline and
are stable at low values with depth. Figure 35B shows plots from an area of
second-year alfalfa hay, in a low-chemical fertilization rotation with corn
(1less than 80 1bs-N/ac, 90 kg-N/ha, applied 1in corn years), a pasture, and a
heavily-grazed, lightly-fertilized pasture. These data are similar to the
forested areas, but exhibit slightly higher NO3-N with depth (below 50 cm).
This is more clearly noted in figure 36A and B which show the cumulative data.
These similarities are supported by other studies which have shown that runoff
and drainage water quality is similar between forested areas and unimproved
pasture (e.g. Owens et al., 1983a) and that increased nitrate losses from
pasture areas generally are related to fertilization of pastures not animal
wastes (Owens et al., 1983b, 1984)., Together the NO3-N data from the

forested-pasture-meadow rotation areas form a background to compare to other
sites.

Figures 35C and 36C show a plot of NO3-N with depth for an area in first-year
high-chemical fertilization (150 1bs-N/ac, 165 kg-N/ha or greater) corn. The
area had been forested until 1981-1982 when it was cleared, and then planted
to corn.  Note that the NO3-N in the top 50 cm is nearly double that of the
background data, but with depth the amount of NO3-N is very similar to the
forested-pasture areas. Figure 35D and 36D shows the NO3-N distribution after
the second year of high-fertilization corn, after an alfalfa rotation; after
two years of fertilization this site shows NO3-N accumulations greater than
the first year corn in the 0-50 cm increment, and above the background data to
depths of 2.0 m (about 6 feet).

One core was taken to evaluate the concern with small, but numerous, feedlots
in the basin as a source of nitrate in the groundwater. Figure 35E shows the
nitrate distribution with depth from a long-term active, earthen cattle feed-
lot (about 0.6 acres in size; 0.2 ha). As shown on figure 35E, nitrate-N
levels (average of duplicate samples) are quite high in the first 50 cm; this
increment includes the manure layer and the uppermost mineral-soil beneath the
manure. Below 50 cm, however, NO3-N amounts return to background level, and
there 1is no obvious indication of a nitrate buildup or leaching beneath the
feedlot. Although excessive manure applications to tilled land can result in
nitrate leaching (e.g., Cooper et al., 1984; Adriano et al., 1971) various
studies show that T1ittle 1leaching occurs from active earthen feedlots or
earthen manure-storage structures. These studies (Ritter et al., 1980; Ellis
et al., 1975; Oliver et al., 1974) suggest that while such feedlots or storage
structures are actively used that: 1. the soil becomes sealed by the organic
matrix of the manure pack and compaction by the animals, physically preventing
leaching; 2. the anaerobic conditions in the manure pack, with nitrogen in
the ammonium form, and the generally high pH, promotes denitrification and
inhibits biological nitrate formation. As noted by Hallberg and other (1983),
runoff from active feedlots in the Big Spring basin contains less then 5 mg/l
nitrate. When the manure pack is removed from the feedlot, or when the feed-
lTot is no longer populated oxidizing conditions will develop and pH may de-
crease promoting nitrate formation and leaching, but the effects of this are
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L6

Measured nitrate concentrations and calculated nitrate-N stored in soils under various landuse in the Big

Table 16.
Spring basin; summarized by depth.
Landuse
Forest-Wood Tot Pasture/Fertilized
Pasture/Alfalfa
Alfalfa-Grass Haycrop
Depth Cumula- Cumula-
cm NO NO3-N  tive NO NO3-N  tive NO
(inches) mg/Eg kgfglha kg-N/ha mg/Eg kg-N/ha kg-N/ha mg/Eg
(0-2? 34-36 19-20 19-20 7-19  4-12 4-1z 4-33
0-8
20-50 4-9 3-7  22-27 6-16 5-11 9-23 2-24
(8-20)
50-100 3-5 5-7 27-34 5-12 10-12 19-35 2-22
(20-40)
100-150 2-4 4-5 31-39 6-11 11-14  30-49 3-13
(40-60)
150-200 3-4 6 37-45 6-10 10-16  40-65 8-9
(60-80)
200-250 4 7 44-52 3-7 4-12  44-77 4-9
(80-100)
250-300 3 5 49-57 3-7 4-12  48-89 4-9
(100-120)
300-350 3 5 54-62 3-5 4-9 52-98
(120-140)
350-400 3 5 59-67 5 8 60-106
(140-160)
400-450 3 6 66-112
(160-180)
450-500 6 10 76-122
(180-200)
500-550
(200-220)

*The low range values come from a field in the 2nd year of corn after a meadow rotation.
4 or more years of corn and chemical N

Low-Fert. Corn in

Rotation

NO3-N
kg-N/ha kg-N/ha

Cumula-
tive NO3

Hi Fertilization Corn

1982*

Cumula-

NO3-N  tive

3-20
2-22
4-36
7-20
12-14

3-20 31-74
5-42 17-55
9-78 17-70
16-98 43-70
28-112  10-36
35-126 9-32

42-140 0.3-18
7-12

7

19-45 19-45
27-55 46-100
28-90 74-190
22-115 96-305
16-59 112-364
15-54 127-418
1-32 128-450
12-21 140-471

12 152-483

NO3

1983
Cumula-

NO3-N  tive

mg/kg kg-N/ha kg-N/ha mg/kg kg-N/ha kg-N/ha

3-9 3-9

6-23 9-32
18-46 27-59
30-31 57-116
13-23 80-139
15-63 95-202
36-48 131-250
30-36 161-286
28-30 189-316

24 213-340
39 252-379

14 266-393

i ] Other data from areas of
-application, at a rate of approximately 165-200 kg-N/ha (150-175 1bs-N/acre).
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generally localized (Mielke and E1lis, 1976).

Figures 35F and 36F show the NO3-N concentration and accumulations from three
representative sites of continuous corn (see Table 16). These soils show much
higher concentrations and accumulations of NO3-N than the background data or
the rotation corn sites, to depths of 3.5 m (site 1), but particularly in the
upper 1 to 2 m.  Site 3 (figures 35F and 36F) terminated in gravel overlying
the Galena aquifer and thus large quantities of NO3-N (350 kg/ha at 2.0 m) are
available to be Tleached directly into the aquifer. Site 2 shows another
variation. Site 2 1is located in alluvial soils along Roberts Creek, near
sampling site 110 (F-45; see figure 3) and the water table was encountered at
about 2.5 m (8.2 ft.). Nitrate-N concentrations are quite high near the
surface but decline just above the water table, and at the water table drop to
very low values.

The continuous-corn sites sampled after harvest in 1983 show quite different
NO3-N distributions. During 1982 the growing season had relatively normal
precipitation and few rainfall-infiltration-discharge events of any con-
sequence occurred (Hallberg et al., 1983). As described in this report, 1983
had greater rainfall and a number of Tlarge rainfa1]-infi]tration-dischayge
events occurred up through early July. As noted these events moved a consid-
erable mass of NO3-N.
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Figure 35G shows the data from replicate cores at site 2 (figure 35F) for 1983
and 1982, In 1983 the mass of NO3-N found in the profile is greatly reduced
from 1982. 1In 1983 the water-table was located at about 2.0 m (6.6 ft.), and
at that point again NO3-N values in the soil become negligible.

Figure 35H and 351 (and 35 J) show two other continuous-corn sites. Note that
NO3-N concentrations are much lTower in the upper 2 m than noted in the 1982
samples. However, the NO3-N concentrations at depth are much higher. Con-
sequently, the cumulative affects at depth are similar (figure 36G) reaching
levels of 200 to 350 kg-N/ha in the profile. The sites shown in figure 35H
and I show some other interesting patterns. The loess-till contact is shown
on figure 35H. This lithologic discontinuity will temporally perch, or slow
the vertical movement of water percolating through the loess. The large bulge
in NO3-N accumulation occurs just above this contact, as might be expected in
a year of deep infiltration. (Note several background sites penetrate this
contact but do not show such a feature.)

The site shown in figure 351 1is on a loess-mantled terrace, with coarse-
textured (and permeable) sand and gravels directly overlying fractured lime-
stone of the Galena aquifer. The loess materials show abundant evidence of
water movement throughout their 4 m (13 ft) of thickness, such as: 1% they
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are Tleached of carbonate minerals; 2. obvious vertical partings (joints or
prism boundaries) or macropores were encountered to depth; and 3. silt and
clay coatings were present on these partings providing evidence for transloca-
tion along them. Also, as will be described in the next section, residues of
atrazine, 0.3 wug/kg, were detected below 4 m (13 ft) in depth. Note that
relatively high NO3-N concentrations occur all through this profile, down to
the contact with the limestone aquifer at about 5.5 m (18 feet). At this site
Teaching of nitrate and herbicides is obviously taking place, and delivering
these surficially derived chemicals into the aquifer through a substantial
thickness of material.

These deep cores provide proxy evidence of what is happening in areas where
the soils and glacial deposits are much thinner over the aquifer. If the
fractured and karstified limestone of the Galena aquifer were in place at 2m
(6.6 feet) under each of these sites the large nitrate accumulations noted in
the soils, would have leached directly into the aquifer. Table 17 shows data
from three analogous sites where the aquifer occurs within the soil
profile, at depths of 0.6 to 1.1 m (1.8 -3.4 ft). These sites show the same
trends in NO3-N as do their thicker counterparts (Table 16, figures 35 and
36), but the profiles end in rock.

Returning to the data in Table 16 the cumulative ranges of NO3-N from all the
core sites is summarized by Tanduse. At a depth of 1.5 m (5 feet) the NO3-N
stored 1in the soil under forest ranges from about 30-40 kg-N/ha (25-35 1bs-
N/ac), 30-50 kg-N/ha (25-45 1bs-N/ac) under pasture-alfalfa-meadows, and from
16-100 kg-N/ha (14-90 Tbs-N/ac) under low-fertilization, rotation corn. There
is almost no overlap with the high-fertilization corn sites in 1982 which
ranged from about 95-300 kg-N/ha (85-270 1bs-N/ac); even in 1983 these sites
were higher ranging from about 60 to 110 kg-N/ha (55-98 1bs-N/ac). At 3 m (10
feet) depth the forest-pasture-alfalfa-meadow areas range from about 50 to 90
kg-N/ha (45-80 1bs-N/ac), the low-fertilization corn from 40 to 140 (35-125
1bs-N/ac), while the continuous corn from both 1982 and 1983 range from 130 to
450 kg-N/ha (115-400 1bs-N/ac).

These results are in full agreement with numerous agronomic studies of the
NO3-N buildup in soils, directly related to longevity and rate of fertiliza-
tion. Some of these studies will be reviewed in a subsequent section.

Soil Pesticides

The soil profiles were not analyzed for pesticide residues in the same detail
as for nitrate. The data from the soil-pesticide analyses are summarized on
Table 18, by depth in the soil profile. Atrazine, Bladex, Lasso, the herbi-
cides almost ubiquitously used in the area were all detected in surface soil
samples (0-8 inches, 20 cm), as were Dyfonate .(the second or third most
commonly used insecticide in the basin) and dieldrin. Only atrazine was found
below a depth of 50 cm (20 inches) in any of the cores. Atrazine residues as
high as 1.0 ug/kg were detected to depths of 3.0 m (10 feet) and as noted 0.3
ug/kg atrazine was detected from one site at a depth of 4.% m~ {14.5 fee@).
These concentrations are similar to the persistent concentrations of atrazine
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Table 17. Nitrate-N stored in "shallow loess" derived soils over bedrock.
Concentrations in kg NO3-N/ha for depth interval of soil.

Low-Level
N-Fertilization; Fertilized

Depth 2nd year corn in Continuous
cm (inches) Forest rotation Corn

0-20 20 15 21

(0-8)

20-50 7 12 20

(8-20)

50-100 5 (rock) 47

(20-40)

(rock) (rock)

now found in the groundwater year-round in the basin. In the Floyd-Mitchell
county area Lasso and Sencor have been detected at depths wup to 66 cm (26

inches) under soybean fields in very limited sampling, by Libra and others
(1984).

NITRATE AND PESTICIDE ANALYSES FROM IGS PIEZOMETERS

In the fall of 1982 the authors installed 15 piezometer tubes; 10 in the up-
land Toess and 5 in alluvial soils and deposits along Robert's Creek. The
depths of the open interval in the wells ranged from 1 to 2 feet (0.3-0.6 m)
in depth to 15 to 16 feet (4.6-4.9). No perched water table was encountered
in the upland loess in the dissected terrain which marks the basin. The wells
were designed with an inner collection tube below the slotted-screened inter-
vals 1in hopes that as "slugs" of water (during intermittent saturated
conditions with infiltration recharge events) passed through the soil profile
enough water might enter the well to be analyzed for water-quality. Un-
fortunately, not enough water collected in the upland sites for analysis.

The alluvial well sites provide some interesting data which are worthy of dis-
cussion. One well was installed near surfacewater sampling site 111
(F-47; see figure 3) along Robert's Creek. This is in a ‘losing' reach of
Robert's Creek, where the potentiometric surface in the Galena aquifer is con-
siderably below Robert's Creek. The well was installed 1in the alluvium,
finished in sand and gravel approximately 5 feet (1.8 m) below the bed of
Robert's Creek. The bore-hole and the well in the alluvium were (and are
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still) dry, even though Robert's Creek flows perrenially past this site less
than 50 feet (15 m) away. As noted by Hallberg and others (1983) the bed of
Robert's Creek is likely sealed with fine-grained material (silt and clay)
such that it does not lose its entire flow through this reach. The base-flow
of the creek is maintained by shallow groundwater flow and tile-drainage in
the upper portion of the basin. The soils at this site were analyzed for
nitrate and the results are shown as site 3 on figures 35F and 36F. As noted
in the prior discussion high concentrations of nitrate occur down to the
alluvial gravels which directly overlie the Galena aquifer, and thus large
quantities of nitrate (350 kg/ha at 2.0 m) can obviously be 1leached rather
directly into the aquifer.

Denitrification In An Alluvial Aquifer

Another series of piezometers were installed near surfacewater sampling site
110 (F-45; figure 3) along the upper, gaining reaches of Robert's Creek.
Three wells have been installed: well 8, with a screened interval at 8.7-9.7
feet (2.7-3.0 m) below the landsurface, and when installed (11/4/82) the
water table was about 2.5 feet (0.8 m) below the surface; well 9, 1lateral to
well 8, in a lower elevation swale on the alluvial surface, the well is open
at a depth of 1.1 to 1.8 ft. (0.3 -0.5 m) 1in an interval of peat to peaty
silt; well 8A was installed in 1983 to the same total depth as well 8, but it
is slotted and screened throughout its depth. The water-quality analyses for
these sites are given on Table 19 along with data from the same date from
Robert's Creek (F-45) which flows past these sites. The soil-nitrate data
from site 8 (and 8A) is shown as site 2 in figures 35F, 35G, and 36F. As
noted for both 1982 and 1983 there was significant amounts of available ni-
trate in the soil profile, but this declined to negligible values at the water
table. This site has been in continuous corn under a high rate of fertiliza-
tion for at least 5 years.

The water samples from well 9 have always shown <5 mg/1 nitrate, and water
samples from well 8 have shown <5 mg/1 nitrate in over 70 percent of the
samples, while the adjacent stream (which is recharged by the groundwater from
this alluvial aquifer) has exhibited nitrate concentrations ranging from 32 to
68 mg/1. Only during periods of rainfall and high infiltration (May and July
1983) has well 8 shown any significant nitrate concentrations (6-40 mg/1).
Well site 8A was installed to sample water from the top of the water table at
this site, in case the nitrate was concentrated and moving laterally at the
top of the groundwater in the alluvial aquifer. No nitrate (<0.5 mg/1 NO3
from detailed analyses) has been detected in this well either.

Other alluvial groundwater sites (from tile lines or other shallow wells) have
exhibited nitrate concentrations ranging from about 40 to 150 mg/1 at
comparable times. Well sites LA-1 and LA-2 were installed 1in an alluvial
aquifer near surfacewater and tile-drainage water sampling sites L-23§ (109)
and L-22T (108) to compare to wells 8 and 9. The data for these sites is also
shown on Table 19, The analyses from these two sites, which sample the top
one foot (0.3 m) of the water table, ranged from 72 to 148 mg/1 NO3 at the
same time as wells 8, 8A, and 9 showed <5 mg/1. Note that the streams adja-
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Table 18. Pesticide concentrations in loess soils under "continuous" corn;
samples taken after harvest in fall of year. Concentrations in
ng/kg of soil.

Depth
cm (inches) 1982 1983
0-20 3.6 - 120.0A 11.0 - 100.0A
(0-8) ND - 5.8B ND - 5.8B
ND - 23.0L ND - 15.0L
ND - 10.0F ND - 2.1F
ND - 15,0N 0.6 - 2.0N
20-50 1.0 - 1.4A 6.0 - 18,0A
(8-20) 2 1= 2,41
50-100 1.0 - 12.0A ND - 6.0A
(20-40) ND - 1.8N
100-200 ND - 1.1A ND - 2.6A
(40-80) ND - 0.8N ND - 0.5N
200-300 ND - 1.0A
(80-120)
400-500 0.3A
(160-200)

A - atrazine; B - Bladex; L - Lasso; F - Dyfonate; N - dieldrin;
ND - none detected.

cent to each site exhibit similar nitrate concentrations (38 and 43 mg/1).

The nitrate concentrations from LA-1 and LA-2 range from 13 to 73 mg/1 higher
than the tile-line (L-22T) which drains part of the same area of the alluvial
soils. This would be expected because the tile-drainage would integrate water

at greater depth, and water infiltrating below fence rows and field-end rows
which are in meadow around this area.

There is little significant difference 1in the amount of NO2-N and ammonium-N
in the groundwater from these sites; and highest NO2-N and ammonium-N occur at
the sites with the highest NO3-N. The organic-N is related to the amount of
suspended-sediment that has seeped through the screening into the well (the

wells are generally finished in the fine-grained, silty alluvium which mantles
the sand and gravels of the alluvial deposits).

The pesticide analyses from these groundwater samples provide some insight in-
to the phenomenon affecting the water-quality in these alluvial settings.
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Table 19,

Date

1982
11/30
12/29

1983
5/4
5719

6/28

6/29

6/30
7/6

Water-quality analyses from alluvial wells in the Big Spring basin. Data from
adjacent surfacewater and tile lines shown for comparison. Analyses reported

for nitrate as NO3 in mg/1 (unless noted otherwise), nitrate-N, organic-N, and
ammonium-N, as N in mg/1. Pesticide data in parentheses, in ug/1, with letter
letter abbreviation for pesticide species (A - Atrazine, etc.). (For wells 8,

9, 8A, LA-1, and LA-2 the well which was sampled for pesticides is also noted
in the parentheses.)

Stream Stream Tile Wells
Wells F-45 L-23S L-22T LA-1 LA-2
8 9 8A (110) (109) (108)
<5 <5 40 42 72
(8 - 0.15 pg/1 A-atrazine)
<5 <5 38 51 79
(8 - 0,30A)

(9 - atrazine present, but organic interference would not allow quantification)

6 <5 38 50 66
(8 - 0.20A) (0.20A) (0.24A)  (0.24A)
40 <5 48 52 78

(8 - 2.1A, 0.3B-Bladex)
(9 - atrazine present, interference as noted above)

<5 <5 45 48 72
(8.0A)
(0.49B)
(3.0L- Lasso)
(2.1D - Dual)
62 54 91
32 68 107
12 <5 87 91
(8 - 1.0A, 0.11B) (0.93A)  (1.20A)
(0.108)  (0.11B)
(0.12L)
<5 <5 <5 68
<5 <5 <5
<5 <5 <5 50 76 148 94
(8A - 0.15A)
<5 <5 <5 44 63 136 85
(N-Series analyses)
.7 <0.5 <0.5 38 43 59 122 72
0.6) (<0.1) (<0.1) (8.5) (9.5) (13) (27) (16)
.17 0,06 0.09 0.20 0.12 0.28 0.34 0.27
a2 - 11:0 0.82 0.23 <0.01 <0.01 28 1.1
.06 0.05 <0.01 0.07 <0.01 <0.01 0.38 0.07
8A - 0.20A) (LA-1 - 0.30A)
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Every water sample from wells 8, 8A, and 9 analyzed for pesticides showed con-
centrations of atrazine in the range typical (0.15 -2.1 ug/1) for shallow
groundwater in the Big Spring basin. The analyses from these wells are nearly
identical to those from alluvial wells LA-1 and -2, and from the tile-line
(e.g., L-22T) and the adjacent surfacewater sites (particularly during base-
flow). During infiltration recharge periods, when the groundwater in well 8
exhibited nitrates atrazine concentrations rose (to 1.0 -2.1 ug/1) and Bladex
was detected also; again the concentrations are nearly identical to tile-
effluent pesticide concentrations where nitrates are always present. The con-
sistent presence of pesticides in the water in the alluvial aquifer clearly
suggest that the nitrate present in the upper, aerobic portion of the soil
column is denitrified at or near the water-table; this suggests an abrupt,
active anaerobic interface near the water table in this setting (see Khdyer
and Cho, 1983; Robbins and Carter, 1980). The nitrate must be denitrified and
lost from the system as N or NoO gas. Although ammmonium-N may be stable with
these conditions little N as ammonium (as would be expected) is being trans-
ported to this depth (Table 19).

Why is denitrification occurring in the area of wells 8 and 9 and not in other
areas such as LA-1 and -2, or other areas that have been investigated? The
area around wells 8 and 9 is not tile-drained. It is possible that tile
drainage in some of the other alluvial areas, as it lowers the water table and
accelerates the movement of water through the soil, enhances aerobic con-
ditions and shortens the residence time, thus limiting or inhibiting de-
nitrification (e.g., Baker and Johnson, 1977). However, the water table is at
similar depths in some tile-drained areas as around wells 8 and 9, and during
base-flow conditions is often relatively stable. We feel that differences
inherent in the alluvial deposits may be a key factor.

Denitrification is a biogenic reaction requiring the proper microbial popula-
tion and an adequate supply of oxidizable organic carbon. An adequate source
of carbon may 1imit denitrification (e.g., Gambrell et al., 1975a and b). The
alluvial deposits at the LA sites and the well 8 sites are similar in that
they both have a mantle of 10 to 12 feet (3-3.6 m) of silt loam to 1ight silty
clay loam alluvium over sand and sand and gravel. They are very different in
that the LA sites are in middle-Holocene age (ca. 4,000 -7,000 radiocarbon
years before present) alluvium; these alluvial deposits exhibit strong oxida-
tion (i.e., bright reddish-brown soil colors, abundant iron-oxide staining and
mottling) and very little organic carbon except in the surface soil horizons,
and in the base of the deposits. In contrast, the well 8 and 9 sites are
located in late-Holocene (less than 3,000 RCYBP) alluvium. These deposits are
marked by abundant organic carbon and organic debris interbedded within the
alluvium; as noted well 9 was actually finished in a peat, silty-
peat lens within the alluvium. With all this organic debris the mineral-
sediments of the late-Holocene deposits all retain gleyed colors (reduced,
greenish and gray colors). It seems most likely that the abundant organic
carbon, and the anaerobic conditions it will help to produce, is the primary
reason for the denitrification that must be taking place. During periods when
large amounts of water and nitrate infiltrate to the water table the systems
capacity to 'denitrify' is exceeded and nitrate does move into and through the
alluvial-groundwater system, as shown by the analyses from well 8 (Table 19).

As discussed, and as shown on Table 19, the nitrate concentrations in the
small streams in the Big Spring basin are generally 20% to 70% less than the
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nitrate concentrations in tile-drainage water, and seepage water from
fertilized-corn areas. Part of this reduction is related to the low nitrate
inputs from pasture and meadow areas along the streams (e.g., nitrate con-
centrations from BTL-2D, figure 34), but some portion is also related to de-
nitrification in the alluvial aquifer (such as in the area of wells 8 and 9)
and possibly in-stream denitrification or N-use (e.g., Duff et al., 1984;:
Smith and De Laune, 1983; Swank and Caskey, 1982).

These observations point out two other important conclusions. First, the de-
nitrification is another form of N-Toss from the basin, and thus, as dis-
cussed, the mass of nitrate-N discharged in water from the basin is a minimum
figure for the N-lToss. Second, there is often an assumption that nitrate in
well water or groundwater is an indication of the liklihood that pesticides
may also occur. In these alluvial settings, where denitrification occurs,
there are no nitrates, but pesticides do persist in the groundwater.

LANDUSE AND WATER-QUALITY CHANGES OVER TIME IN THE BIG SPRING BASIN

Changes in landuse, numbers of livestock, amounts of chemical fertilizer used,
and groundwater quality in the Big Spring region have been reviewed by Hall-

berg and others (1983, 1984). Since these reports were issued some additional
data have been compiled.

ASCS aerial photography of the Big Spring basin from 1970 was photo-
interpreted to compile a landuse map and statistics to compare with similar
data compiled for 1980 and reported by Hallberg and others (1983). The re-
sults are given in simplified categories on Table 20. In 1980, 22% more land
area in the Big Spring basin--22.5 square miles or 14,4000 acres (5,800 ha)-
-was in corn (row crop, there are essentially no soybeans grown) than in 1970.
Hallberg and others (1983) noted approximately a 40% increase in corn acreage
over this time span from Clayton County statistical data, but also noted that
according to most local experts the 40% figure was likely conservative. This
is because the Big Spring Basin has a very high proportion of the 'prime' farm
land in Clayton County, and the conversion from haycrops and pasture (apd
other cover crops) to more continuous corn was greater in this area than in
the county in general. Though some of the differences between the 1970 and
1980 data may be related to rotation effects this is not likely to be sub-
stantial. Thus, the corn-acreage figures wused to estimate the amount of
fertilizer-N applied in the basn over time are also (as noted by Hallberg et
al., 1983) conservative.

The other significant change detected was 1in the expansion of the. area in
strip-cropping. Although this valuable conservation practice is still only
used on about 9% of the area, it increased 95% from 1970 to 1980; an areal
increase of nearly 3,000 acres (1,200 ha).

In addition to the estimates of the amount of chemical and manure-N applied
in the Big Spring basin over time, an "uncorrected" estimate of the maximum
amount of N-harvested with the corn has been made. The results are shown on
figure 37. These values were generated using the same statistics as used by
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Hallberg and others (1983), with the following calculation (from A.M. Black-
mer, lowa State University, Agronomy Department, personal communication):

where,
Pen = percentage fertilizer N recovery in crop,
Y = yields in bu/ac,
P = percentage N in corn grain harvested, estimated
as P = 1.0 + (Y x 0.004)
R = the rate of fertilization in 1bs/ac

and the subscripts

f
u

corn from fertilized plots
corn from unfertilized check-plots

This calculation (derived by Blackmer from numerous test plot data) corrects
the recovery values by subtracting the N removed in corn grown without
fertilizer. These check data are not available for the Big Spring basin and
thus the Y,P, terms were dropped from calculations, providing an "uncorrected’
or maximum estimate of the amount of N removed. These estimates simply
amplify the prior relationships noted; from the late 1960's to the present the
distance between the amount of N-removed by crops and the amount of
fertilizer-N applied increases as the nitrate concentrations rise in the
groundwater at Big Spring.

These relationships are not unique. The sharp increase in total chemical N-
fertilizer use and rate of application seen in Iowa (figure 38a) is true for
the entire corn-belt region. The average N-fertilization rate for corn across
the cornbelt increased from about 65 1bs-N/ac (73 kg-N/ha) in 1965 to about
137 1bs-N/ac (153 kg-N/ha) in 1982 (Hargett and Berry, 1983). In I1linois
similar trends have been noted. As shown in figure 38b since about 1965 more
fertilizer-N has been added to cropland than was being removed 1in havested
crops. During this time the nitrate concentration in the Kaskaskia River in-
creased concurrently with the increased fertilizer use (NRC, 1978). As re-
viewed by Libra and others (1984), such trends have been noted, beginning
somewhat earlier, in Europe. Figure 38C shows the concurrent trends in the
increased N-fertilizer use in France and the increase in nitrate concentration
from a carbonate-groundwater spring in an agricultural area in France. These
data show the same related, linear increases shown for Big Spring. The seem-
ingly linear relationship between the increased application of chemical
fertilizer-N and the nitrate in groundwater at Big Spring is consistent with
a variety of standard agronomic research.

AGRONOMIC STUDIES OF N-FERTILIZATION AND LEACHING
OF NITRATE BELOW THE ROOT ZONE

In past reports (Hallberg et al., 1983; Libra et al., 1984; Hallberg and
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Table 20. Landuse change in the Big Spring Basin, 1970-1980. 1970 data from
photo interpretation of 1970-ASCS aerial photography. 1980 from

Hallberg et al., 1983. Figures shown in square miles and (%).

1970 1980 %!
Landuse sq. miles (%) sq. miles (%) Change
Urban 3,37 (3) 3.45 (3)
Forest 6.17 (6) 6.50 (6)
Cover Crop 48,75 (47) 26,03 (25) =22
terraced 2132 (2) Z2.13 (2)
Strip Crop 3.27 (3) 7.55 (7) +4
terraced 153 (2) 187 (2)
Row Crop 30.97 (30) 49.15 (48) +18
terraced 6.84 (7) 6.56 (6)
103.24 (100) 103.24 (100)

1 1980%-1970% for significant differences.

Hoyer, 1982) the authors have

reviewed a variety of research

reports ranging

from water-quality studies, to agricultural-engineering studies, to standard
agronomic studies involved with crop yields, that show that losses of nitro-
gen, particularly as nitrate, below the root zone occur directly as a function
of N-fertilization, particularly at high application rates. For example, in a
review, Baker and Laflen (1983) note:  "NO3-N losses with subsurface drainage
related in nearly linear fashion to N application for rates exceeding 50 kilo-
grams per hectare." The intent here is not to verbally review the details of
these studies again, but simply graphically display the results for comparison
with the trends in groundwater-quality changes and fertilizer-rate increases
noted in the Big Spring area.

This review will only use data from experiment-farm studies from the immediate
Midwestern states: Iowa, Minnesota, and Wisconsin. These studies do not in-
volve irrigated agriculture or any unusual soil conditions, which contribute
to more rapid leaching of nitrate-N.

The results of the first group of studies are shown on figure 39. These
studies all measured the relationship between the amount of fertilizer-N
applied to the soil during continuous-corn cropping and the amount of NO3-N
that was stored in the soil profile to various (specified) depths over some
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Figure 37. Estimated tons of fertilizer- and manure-nitrogen applied in the
Big Spring basin, and average nitrate concentration in groundwater
at Big Spring, shown in gray (from Hallberg et al., 1983, p. 160).
Estimated maximum amount of N harvested with corn shown in black.

period of treament. The horizontal (x) axis is the same on each diagram and
shows the annual rate of fertilizer-N applied in kg-N/ha. The vertical (Y)
axis shows the amount of NO3-N (in kg-N/ha) that was measured in the soil pro-
file, to the specified depth, at the end of the specified number of years of
continuous treatment. The scale of the vertical axis varies from graph to
graph because the soil depths and years of treatment vary among the studies.
Figures 35A and B are good examples; both studies were conducted on poorly-
drained Webster soils; the Minnesota study (figure 35A) measured the NO3-N in
the soil after 3 years to a depth of 3.0 m (10 feet), while the Iowa
study measured the soil NO3-N after 6 years but only to a depth of 1.8 m (5
feet). Note that most of these studies used an unfertilized, or very-low
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rate, fertilizer-N check plot. Also, some of these studies used high annual
fertilizer-N rates of 336 to 448 kg-N/ha (300-400 1bs-N/ac) to define the
curves. While these are clearly in excess of recommended and optimum rates,
such rates are in practice, locally, in the Big Spring basin.

As noted, figures 39A and B show results from poorly-drained Webster soils.
The authors note that most of the NO3-N was accumulated in the upper 2.0 m of
the soil profile; or to a depth Jjust slightly below the depth of tile-
drainage. Tile drainage water provided additional losses of NO3-N. Figure
39C and D show data for well to moderately-well drained loess derived soils in
western Iowa, over fertilizer-N application rates only reaching 168 kg-N/ha
(150 1bs-N/ac). The important point to note in all these results is the near-
ly linear or curvilinear increase in the amount of NO3-N stored in the soil
after corn harvest, in relationship to the increased rates of fertilization.

Figure 39E shows similar trends from another study in Minnesota. In this
study (Nelson and MacGregor, 1973), the amount of N removed in the corn-grain
was also measured. Note that the amount of N removed with the grain increases
very little between application rates of about 100 and 200 kg-N/ha, while the
amount of NO3-N accumulating in the soil continues to increase. Nelson and
MacGregor also note: 1. that additional NO3-N was Tost in tile-drainage water
(an amount equivalent to about 35% of the fertilizer-N at the 196 kg-N/ha rate
may be estimated from their data); 2. that 1ittle evidence indicated signifi-
cant volatilization or gaseous losses of N; 3. greater N-Tosses, and slightly
lower corn yields, were obtained with fall applied ammonium-nitrate;
and that 4. corn N-uptake may be somewhat greater with urea-N, than ammonium-
nitrate-N.

Figure 40 shows the percentage of fertilizer-N removed in the soil and grain
for the 17-year Moody farm study by Jolley (1974; also see figure 39C). In
the range of 112-168 kg-N/ha (100 to 150 1bs-N/ac) only 11 to 17% of the
fertilizer-N was recovered in the grain; about 50% was left stored in the
soil, and another 30% was not recovered. Jolley (1974, p. 126) notes that
this 30% "was possibly lost from the soil by NH3 volatilization,
denitrification or surface runoff or was immobilized by NHs fixation." Leach-
ing losses were not considered but even in the region Jolley was working it is
likely that some of this N was 1lost as NO3 in shallow groundwater moving
laterally to discharge to streams. Perhaps the main point here is how Tittle

N was actually accounted for in the crop at these very common ranges of
fertilization.

In this regard Keeney (1982, p. 632), in a review of nitrogen 1in agriculture,
notes: “N recovery by agronomic crops is seldom more than 70%, and the aver-
age value 1is probably nearer to 50% . . ." However, as noted above for
Jolley's study (1974), many published results for corn, suggest that N-
recovery may more typically be in the range of 35% or less, particularly for
continuous corn (e.g., Owens, 1960; Olsen et al., 1970; Jolley and Pierre,
1977; Chichester and Smith, 1978; Cooper at al., 1984).

The next group gf studies (figure 41) reveals similar trends between the rate
of N-fertilization and the amount of NO3-N 1lost in tile-drainage water, and
the NO3-N concentration of the tile-drainage water.

Figure 41A shows results from a study in Minnesota and again the same Tinear
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Figure 39. Midwestern experiment farm studies showing relationship between N-
fertilization rate (kg-N/ha) and the amount of NO3-N (kg-N/ha)
stored in the soil to a given depth after specified time of treat-
ment. The following are noted under each figure: the state; the
soil type; the years of treatment; and the reference.

response between N-fertilization rate and N-leaching losses--reflected as NO3-
N Tost through tile drainage--is apparent. Figure 41B and C show actual and
model data from Iowa. Figures 41 D and E show data from more recent companion
studies in Minnesota; figure 41D shows the amount of NO3-N  Tost in
tile-effluent and the average concentrations; figure 41E shows the amount of
NO3-N stored in the soil after 5 years, and the percentage of fertilizer-N
Tost through leaching in tile-effluent as derived from nitrogen-isotope data.
Again, the same linear trends are clear. Buzicky and others (1983) also note
that the highest losses related to fall-applied N-fertilizer.

In relation to leaching losses related to tile-drainage Kanwar, Johnson, and
Baker (1983, p. 1457) note:

"Measured as well as predicted data indicate that an equivalent of
nearly half of the applied fertilizer nitrogen is being discharged
with tile drainage water. As farmers decide to apply more fertili-
zers to obtain higher yields, large leaching losses of nitrates can
be expected to occur, an economic as well as an environmental con-

cern."
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Figure 39. Continued.

Leaching losses can also be affected by management differences. Figure 42
shows data from Burwell and others (1976) from studies in western Iowa. These
studies compared effects of contour tillage and terracing; while terracing re-
duced surface runoff, sheet-rill erosion, and associated chemical Tlosses in
runoff, it substantially increased infiltration and subsurface water flow. As
noted by the authors, and other studies, most NO3-N losses occur in the in-
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filtration component, and hence the increased infiltration in these terraced
areas greatly increased the 1losses of NO3-N (figure 42). As Burwell and
others (1976) note, appropriate chemical management must be combined with con-
servation practices to minimize soil erosion and runoff as well as 1losses in
"deep percolation" or groundwater. This statement is especially applicable
for northeastern Iowa (as discussed by Hallberg and others, 1983) as well,

where aquifers are particularly susceptible to contamination from the leaching
of soil-applied chemicals.

In terms of management effects figure 43 shows the relationships among N-
fertilization rate, NO3-N remaining in the soil, and rotation effects, for 4
end members in the rotation study of Olsen and others (1970). These authors
found that the total amount of NO3-N in the soil profile, the distribution of
NO3-N in the profile, and the amount of NO3-N below typical corn-rooting depth
was directly related to the rate of N-application on corn, the number of years
of corn in the rotation, and to some extent, the length of time since harvest
of the last corn crop. They also note that a fallow year may promote exces-
sive losses. Olsen and others (1970, p. 448) note that effective methods for
Timiting the amount of NO3-N leached to groundwater are: "limiting rates of N
fertilizer to approximately that required by the crop, reducing the acreage
and frequency of corn or other crops that receive fertilizer N in the rota-
tion, and maintaining a crop cover on the land..."

Beyond these notes on management the important point of all these figures in
relationship to the Big Spring data is that the linear response between the
increased application of fertilizer-N and the increase in NO3 concentrations
in "shallow" groundwater (figure 37) is exactly what should be predicted from
these standard agronomic studies. A1l of the studies reviewed (figure 38-43)
were conducted in areas where aquifers are at substantial depth. If we insert
an aquifer at depths of one to two meters into each of these studies, as is
the case in extensive areas in northeastern Iowa, the NO3-N being ‘stored' in
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the soil, or lost in tile-drainage, is now translocated into the aquifer.
This is particularly true for an area such as northeast Iowa where the carbon-
ate aquifers are not only at very shallow depth locally, but also promote deep
and rapid percolation of soil-groundwater even in areas with a thicker mantle
of soil and Quaternary deposits.

WATER QUALITY AND AGRICULTURAL MANAGEMENT

The groundwater quality problems related to agricultural chemical use, that
are described in this report and the preceeding reports by the authors, can
only be resolved through a more 'holistic' approach to agricultural manage-
ment. In the previous section, discussing agronomic research studies, a few
comments of other authors were highlighted which pointed out that appropriate
chemical management must be combined with soil conservation measures to
adequately protect surfacewater quality, in particular. As discussed by Hall-
berg and others, (1983), we must also couple our standard concerns for soil
conservation and surfacewater quality with the need to protect groundwater, as
well. We must find ways to balance our need for efficient and profitable
agricultural production with our need for safe drinking water.

There are legitimate concerns for public health, over the long-term, if these
water-quality problems continue or increase (see Hallberg and others 1983, p.
161-163 also). Pesticide concentrations are far below the toxic levels and
generally well below levels thought to contribute to chronic problems.  How-
ever, there are many uncertainties involved with the combinations of pesti-
cides, and possibly their metabolites, which are occurring in groundwater, in
relation to other environmental factors. Concerns for nitrate have generally
been centered around drinking water for infants and the problems of methemo-
globinemia. However, recent research suggests that high-nitrate drinking
water may contribute to other long-term health problems in children and adults
(e.g., Fraser and Chilvers, 1981). One recent epidemiological study suggests
that nitrate concentrations below current standards may contribute to con-
genital (fetal) malformations (Dorsch et al., 1984). These studies are not
definitive, but point out that there are many unknowns which need further re-
search.

Beyond the health concerns and environmental impacts the magnitude of the
chemical lossses, particularly nitrogen, are of economic concerns as well.
When crops (corn) are not utilizing 50% to 70% of the nitrogen applied there
is obvious room for improved efficiency and economic gain. In this regard,
the concerns reach much further than northeastern Iowa; the processes and
losses documented in this report, for example, go on everywhere. Studies
cited in the previous section were conducted in north-central Iowa and south-
central Minnesota where the Tleaching of chemicals probably has not directly

affected _groundwater-drinking water supplies, but the same chemical in-
efficiencies are apparent.

On the rggiona1 basis management alternatives should address not only soil
conservation, but also the need to reduce chemical losses in infiltration. 1In

the karst-carbonate aquifer region there are difficulties and trade-offs with
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various alternatives because of the complexity of the hydrogeologic system.
On the one hand, there is the need to control soil loss and runoff, to con-
serve the soil, as well as to reduce the loads of pesticides, sediment, and
microbes, that enter groundwater in the runin component. However, many
standard approaches to this problem will clearly enhance infiltration and the
delivery of chemicals to groundwater in the infiltration recharge. The
broader scope of management alternatives that need to be considered have been
briefly reviewed by Hallberg and others (1983) but some additional review is
given below. (Recent pertinent reviews of agricultural best-management
practices and the issues involved with BMP's can be found in Schaller and
Bailey, eds., 1983; Baker and Johnson, 1983; Baker and Laflen, 1983; Steven-
son, ed., 1982; Keeney, 1982).

Further Notes on Management Practices

Terracing agricultural land has been a widely used and effective tool for con-
trolling runoff and soil erosion. As previously discussed studies of terraced
vs. contoured corn showed that terracing enhanced infiltration and greatly in-
creased nitrate leaching (figure 42). For comparable years, Burwell and
others (1976) data show that the water-yield from the contoured watershed
occurred as about 50% surface runoff and 50% subsurface flow, whereas 1in the
terraced area the water-yield was about 94% by subsurface flow and only 6% by
runoff. Subsequently, pipe or tile outlets were installed in the terraces
which 'short-circuited' much of the subsurface flow to the tile outlets.
Burwell and others (1976) 1lumped the discharge from tile-drainage water with
their runoff component; in this perspective, the two different management
systems produced similar proportions of runoff and subsurface flow. However,
even the shorter subsurface flow path through the terraces to the tile en-
hanced nitrate leaching. Though now the nitrate was discharged through the
tile-drainage water instead of to depth, directly into groundwater.

In the context of northeastern Iowa, structural practices such as terracing
may be needed to control soil erosion, and reduce the contaminant loads in the
runin-recharge component in sinkhole basins. In general, tile-outlet terraces
would be used, but as noted the tile-effluent will be enriched in nitrate (and
other soluble chemicals). In such settings the tile-effluent will join
surface-waters which will discharge into sinkholes, still degrading water
quality. However, the tile effluents could be discharged onto grassed water-
ways; using grassed waterways and/or other riparian buffer strips along water-
ways and around sinkholes would likely slow down the delivery of water and
chemicals to sinkholes, and allow further degradation and dissipation of chem-
icals and the uptake of nutrients (such as nitrogen) by the plants (Lowrance
et al., 1984). Such combinations of practices (especially if combined with
needed chemical management) may allow more integrated protection of soil re-
sources with improvements in groundwater quality.

A variety of factors come into play in the realms of chemical and total
agricultural management. Crop rotations can be important for soil-erosion
control and even proper manure applications can help reduce runoff and soil
loss (e.g., Mueller et al., 1984), The effects of rotation, of alfalfa in
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particular in far northeastern Iowa, and manure must be considered in fertili-
zer management. Consideration of credits for the nutrients supplied from
these sources, can Tower chemical inputs and thus help reduce nitrate Teaching
(see figure 43 for example).

Some studies also show that some nitrate 1leaching can occur during, and
particularly following, alfalfa crops and from the plowing (and subsequent
mineralization) of ‘'grasslands,' or green manure crops. However, Targe NO4
losses in these situations are generally associated with fallowing the land,
addition of chemical fertilizer-N, and/or following the plowed grass or
alfalfa with crops that are not high-rate nitrogen users (e.g., Cameron and
Wild, 1984; Robbins and Carter, 1980). For example 1in a study in Idaho,
leachate concentrations of nitrate under alfalfa reached values of 15 mg/1;
under unfertilized corn after alfalfa they reached 31 mg/1; but wunder fertil-
ized corn following alfalfa reached 64 mg/1. For the two years after the
alfalfa the fertilized corn (fertilized at 170 and 200 kg-N/ha for the first
and second year, respectively) lost an average of 92 kg NO2-N/ha more than the
unfertilized corn, an equivalent of about 50% of the applied-N (Robbins and
Carter, 1980).

As noted in the previous discussion fall applications of fertilizer-N in the
Midwest can result in larger leaching losses, although weather and the type of
fertilizer-N are important factors. Nitrate-N forms have shown greater
gaseous losses and greater downward movement than fall-applied urea-N, even in
the cool-dry climates of the Northern Great Plains (Aulakh and Rennie, 1984).
In these cooler climates the major portion of the fall-applied N that was lost
was related to denitrification (or at least gaseous losses) which occurred
during the fall (before the soil froze) and at spring thaw; in the warmer,
wetter Midwest these periods are when leaching losses would also Tikely occur.
In the Canadian study N-stabilizers helped to reduce gaseous-N losses and de-
layed ammonium nitrification and downward movement of fertilizer-N in the
soil. However, they did not affect the largest 'loss' of available-N; 15 to
25% of the fall-applied fertilizer-N was not available the following spring
because it was biologically immobilized. The warmer and wetter climate of the
Midwest favor greater 1iklihood of significant leaching Tosses of fall-applied
N as noted by Nelson and MacGregor (1973), Olsen and others (1970), and
Buzicky and others (1983). In the Midwest the largest gaseous losses occur at
spring thaw and Goodroad and others (1984, p. 561) note this "may at least in
part explain the often-observed inefficiency of fall-applied fertilizer N."
The Targe increase 1in nitrates in groundwater in the Big Spring basin in
November and December of 1982 (figure 2) may, in part be related to the warm,
wet weather following fall application of fertilizer-N in the basin, although

we would estimate that only a relatively small protion of the corn acreage re-
ceived fall-N.

Further detailed work 1is needed on N-stabilizers or nitrification inhibitors
in the Midwest, particularly with reduced amounts of fertilizer-N and/or
multiple applications. Timmons (1984) found that over a 3-year period
nitrification-inhibitors reduced leaching losses only 7%, with irrigated corn.
However this was at a relatively high-rate of fertilization (224 kg-N/ha or
200 Tbs-N/ac) and because the inhibitors did not carry over, large winter-
spring leaching losses can occur. At these rates results were not consistent,
since the inhibitors reduced NO3-N Teaching during the growing season by 12 to
17% during 2 of the 3 years, and post-harvest leaching by 38% for one year.
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No yield differences were observed because of the high rate of N-application.
For perspective, the annual NO3-N leaching 1losses on these sandy, irrigated
soils averaged about 160 kg-N/ha (143 1bs-N/ha) without nitrification-
inhibitors, an equivalent of over 70% of the applied fertilizer-N. Further
work is needed on the more typical silty and loamy soils of the Midwest, under
natural rainfall and a broad range of N-rates.

Multiple applications of N or even timing application more closely to when the
corn will use it, can help to reduce 1leaching losses and 1likely increase

yields at the same time (e.g., Timmons and Dylla, 1981; Bigeriego et al. 1979;
Arora and Juo, 1982).

As another aspect of N-management, research and extension work must continue
to develop a means to more accurately predict N-fertilizer requirements,
either through combination soil tests or perhaps even plant tissue testing
(e.g., Fox and Piekielek, 1984; Rauschkolb et al., 1974). Recent work in
Pennsylvania shows that some current methods recommend fertilizer-N applica-
tions more than 100 kg-N/ha (90 1bs-N/ac), greater than rates that would pro-
duce economic optimum production (Fox and Piekielek, 1984). Results of this
study produced information that allowed more accurate recommendations that, if
followed, would reduce N-fertilizer use by over 50 kg-N/ha (45 1bs-N/ha) in
Pennsylvania, and still achieve (and be above) economic-optimum yields.

Conservation tillage and zero tillage ("no" till) are important practices for
controlling soil erosion over extensive areas of the Midwest (e.g., Amemiya,
1977). However, there are mixed findings about the impact of conservation

tillage on chemical management and water quality (e.g., Baker and Laflen,
1983).

There is no doubt that conservation tillage (or reduced tillage, RT) and zero
tillage (ZT) reduce soil erosion relative to conventional tillage (CT) with a
moldbroad plow (see, for example, Amemiya, 1977; Moldenhauer et al., 1983;
Angle et al., 1984; Cogo et al., 1984; Mueller et al., 1984). Several studies
show that ZT reduces soil erosion by 75 to 90% (Baker and Johnson, 1983) com-
pared to CT. Some forms of RT are somewhat less effective (Moldenhauer et
al., 1983) and all practices are affected by rotation effects, particularly if
soybeans are grown (e.g., Van Doren, et al., 1984; Cogo et al., 1984). RT and
IT are effective, in large part, because they leave some, or all of the former
crop residues on the soil surface, and, in general, some studies suggest that
soil erosion is an inverse, exponential function of the percentage of residue
cover (Laflen and Colvin, 1981). This cover also helps conserve soil moisture

which can improve crop yields in areas of moisture stress (e.g., Doran et al.,
1984).

In part, the reduction in soil erosion occurs because RT and ZT generally re-
duce runoff as well (e.g., Onstad and Otterby, 1979; Moldenhauer et al., 1983;
Baker and Johnson, 1983) particularly on a watershed basis (Angle et al.,
1984). The reduction in runoff is highly variable though, and runoff from ZT
is sometimes close to, or even greater than CT (e.g., Baker and Laffen, 1983;
Mueller et al., 1984). The largest reductions in runoff are generally asso-

ciated with RT, such as chisel-plow systems (Mueller et al., 1984; Baker and
Laflen, 1983).
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Reduction of soil loss 1is an important factor in improving surfacewater
quality (and the quality of the runin-recharge component in karst areas) but
reductions in chemical losses in runoff water are not a direct function of the
reduction in sediment loss and runoff water. Chemicals applied to the land
may be lost via four pathways (see review by Baker and Laflen, 1983, as well):
1. in solution in subsurface drainage--the infiltration component; 2. in solu-
tion in surface runoff water; 3. in association with sediment (soil particles
and/or organic matter) in the runoff water; or 4. in gaseous form to the
atmosphere. Chemical losses in water or with sediment are related to both the

volume of the water and sediment and the concentration of the chemical asso-
ciated with them.

Several interactive factors contribute to the concentration of a chemical, and
thus, the mass of the chemical that may be lost through these pathways.
First, is the amount (or concentration) of the chemical and its distribution
with depth within the soil. Second, is the chemicals persistence in the soil,
or in other words, how long the chemical lasts before it is transformed into
another compound or consumed by plants or other organisms. Third, is the na-
ture of the reactivity of the chemical with the soil-mineral matter (e.g.,
clay particles), organic matter, and with the water itself (i.e., water solu-
bility vs soil or organic matter adsorption). For example, naturally occurring
organic-N will be lost with mineral-particulates in the runoff water that
initiates soil erosion. Yet, with time some of this organic-N will mineral-
ize, eventually to NO3-N, which is highly soluble in water and anionic (1.0,
it does not attach to soil or organic matter) and thus may be readily leached
in infiltration water, if not taken up by plants as a nutrient. Most of the
commonly used pesticides will breakdown to other compounds (over a period of
weeks or months) if they remain in the very top of the soil profile. Some
pesticides will bond very strongly to clay particles or organic matter and
will primarily be lost with sediment. Many of the common herbicides are both
moderately soluble and have only moderate affinities to attach to sediment.
Thus, they tend to be lost both with runoff water and sediment. The distribu-
tion of a chemical within the soil profile is related to both its natural dis-
tribution (as with nutrients) and the amount added artifically and the mode of
application as well. Chemicals that are applied to the soil surface and not
incorporated have a higher probability of being 1lost with runoff. Those
chemicals that are injected or incorporated and are soluble, have a greater
chance of moving in infiltration.

For example, the concentrations and losses of atrazine in runoff water direct-
ly relate to the amount applied, as well as the timing of runoff events in re-
lation to application (e.g., Hall et al., 1972; Triplett et al., 1978; Baker
and Laflen, 1983; Hall et al., 1983; Glotfelty et al., 1984). The losses of
atrazine in infiltration are more generally related to long term application
rates, but concentrations and Tosses in infiltration are typically 10 to 100
times less than in runoff (e.g., Hall et al., 1983; Hallberg et al., 1983;
Wehtje et al., 1984), Incorporation of atrazine may reduce losses in runoff
by 25-70% (Baker and Laflen, 1979; Hall et al., 1983). In contrast, NO7 is
highly soluble and mobile and the greatest losses are with 1nf11trat19n. on-
sequently, as noted, NO3 losses in the infiltration component relate in nearly
linear fashion to N-fertilization rates, at rates above 50 kg-N/ha.

This discussion sets the framework for review of the impacts of conservation
tillage on water quality. Conservation tillage reduces the capability to
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incorporate chemicals because, with present kinds of equipment, incorporation
is accomplished mainly by tillage. Fertilizers or pesticides broadcast or
sprayed on the soil surface are incorporated to about the same degree as crop
residues for the different methods, and the objective of conservation tillage
is to leave as much residue as possible. With ZT essentially no incorporation
occurs. Many chemicals are applied on the residue/soil surface and rain must
wash the chemicals into the soil. Particularly with the less mobile and
soluble chemicals this results in a high degree of stratification in the soil
profile, with very high concentrations occurring in the uppermost part (upper
50 mm) of the soil (Erbach, 1982; Baker and Laflen, 1983). The concentration
of a chemical that is transported in runoff water is directly related to its
concentration in the 'mixing-zone' in the uppermost 5-10 mm of the soil where
this water and the soil interact (e.g., Ahuja and Lehman, 1983; Frere et al.,
1980). Also, the reduction in concentrations of chemicals attached to sed-
iment will not be directly proportional to the reduction in sediment 1loss be-
cause the chemicals are more often related to the finer, more chemically
active (clays, colloids, and organic matter) portion of the sediment (Massey
and Jackson, 1952; Baker and Laflen, 1983).

With the chemical stratification that develops under conservation tillage, the
concentration of the more soluble nutrients (more soluble forms of N, P, K) in
runoff water is generally greater from RT and ZT systems than CT, and 1in some
instances even total soluble losses are greater (Romkens et al., 1973; Barisas
et al., 1978; McDowell and McGregor, 1980). This is particularly true for the
more soluble forms of P (Romkens and Nelson, 1974; McDowell and McGregor,
1980; Angle et al., 1984). However, the total losses of these nutrients in
runoff water are still very low, generally less than 5 kg/ha (see Baker and
Johnson, 1983).

Similarly, although RT and ZT systems reduce total soil loss in the runoff
water the selective erosion and transport of finer-grained sediment from these
systems causes an enrichment of sediment N and P (e.q., organic-N, various
forms of available P and total P) in the sediment-phase of runoff losses,
relative to CT (Massey and Jackson, 1952; Stoltenberg and White, 1953; Johnson
and Baker, 1982). However, because the greatest loss of nutrients from runoff
occurs with the sediment and because conservation tillage greatly reduces
sediment loss compared to CT, the total nutrient Tloss in the the runoff

component (water and sediment) is less with RT and ZT (Barisas et al., 1978;
Angle et al., 1984).

Pesticide 1losses in runoff are complex and will commonly be related to the
timing between application and runoff events in all tillage systems, but par-
ticularly in ZT. 1In ZT and some RT systems pesticides are applied directly on
the crop residue. The most common herbicides do not interact with the residue
and quickly wash off the residue (Martin et al., 1978). If the first rains
after application are small, the pesticides may simply wash off the residue
aqd infiltrate the soil into, or below, the mixing zone. However, if the
first storm after application quickly generates runoff, large losses of pest-
icides may occur regardless of the tillage system (e.g. Glotfelty et al.,
1984; Hall et al., 1983), but the effect can be more pronounced with ZT. Con-
trol]eq rainfall simulation studies show that losses of commonly-used herbi-
cides in runoff water increased directly with increases in residue cover, even
@hough runoff volume and soil losses were less (Baker et al., 1978). However,
in actual field studies the total losses of pesticides in runoff from NT and
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RT systems have been 1less than from CT (Ritter et al., 1974; Baker and
Johnson, 1979; Hall et al., 1984).

Other factors may relate to such losses as well. First, ZT systems in partic-
ular must depend on chemicals for pest control, particularly weeds. In other
systems where primary (or mechanical) cultivation is used the amounts of pest-
icide used could be reduced. Second, herbicides applied onto crop residue may
volatilize or degrade before rain washes them off. This will reduce their
effectiveness and may necessitate additional post-emergence applications of
herbicides, thus increasing the total amount applied. A third, and important
factor, is the seasonal relationship of runoff from various tillage systems.

In the early crop-season (during tillage and shortly after planting) runoff
generated from ZT is generally greater than from RT (such as chisel plowing)
or CT (e.g., Mueller et al., 1984). This is because tillage (even RT) tends
to loosen the soil, lowering its density (increasing the pore-space) and in-
creasing surface roughness, all of which enhance infiltration, whereas in ZT
the soil surface tends to be more dense, and more smooth, which will promote
more runoff. As the growing season progesses, these differences decrease, be-
cause the soil surface in CT (and RT) systems become more compact Simply from
rainfall impact, shrinking and swelling, and other weathering processes which
produce settlement, and possibly mechanical compaction from equipment.  Thus,
later in the season the runoff from ZT systems tends to be less than, or about
equal to CT systems, and in most field studies RT systems, such as chisel-
plow, actually show the least runoff and even the lowest soil losses on an
annual basis (e.g., Mueller et al., 1984; Cogo et al., 1984; Baker and Laflen,
1983).  Thus, early in the crop season during the critical period (within
about 2-3 weeks of pesticide application) when the greatest losses of pesti-
cides can occur, ZT systems may generate the greatest runoff and hence much
higher concentrations and losses of pesticides in early season runoff water
(e.g., Wauchope, 1978; Triplett et al., 1978; Hall et al., 1983).

[t must be reiterated, however, that in field related studies, on an annual
basis the lowest losses of total nutrients and total pesticides have come from
LT and RT systems. ZT and RT systems are invaluable tools to reduce soil
erosion, and these points simply show, as reviewed by Baker and Laflen (1983)
that there 1is still room to improve the effects on water quality from con-
servation tillage.

Review of the studies cited also show that new combinations of tillage and
chemical application methods may provide these added benefits. Recent studies
show that the greatest, total reduction in soil and water loss may come from
systems that afford some incorporation of crop residues (e.g., Cogo et al.,
1984; Mueller et al., 1984). Although the relationships are complex, this may
suggest that pesticide incorporation, especially with new technological ad-
vances in equipment (e.g., Baker and Laflen, 1983, p. 192-193), might be
accomodated with maximum soil 1loss reductions in RT systems. As noted, in-
corporation can dramatically reduce pesticide concentrations and total losses
in runoff water. Incorporation might produce greater leaching losses, but, in
perspective, runoff losses of pesticides can be in the realm of 1-10% of the
applied pesticides, whereas leaching 1losses are typically much Tess than 1%
(e.g., Hall et al., 1972; Hall, 1974; Triplett et al., 1978; Wauchope, 1978;
Baker and Johnson, 1983; Hallberg et al., 1983, Hall et al., 1983; Wehtje et
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al., 1984). Reducing peak concentrations in runoff would be of particular
benefit in sinkhole basins; i.e., to lessen the transient high concentrations
of pesticides that enter groundwater in the runin component, as described
earlier 1in this report. Further some recent work (Hall et al., 1983; for
atrazine) suggests that incorporation might decrease the Teaching Tlosses of
herbicides by enhancing the interaction with the soil, promoting greater
adsorption on colloidal surfaces, and reducing the aqueous-phase mobility.

Hall and others (1983) also report that CT systems with corn and small grain
strip-cropping and full incorporation of herbicides, reduced runoff, soil
loss, and pesticide loss as effectively as RT systems. Again, it would seem
apparent that RT systems that might afford chemical incorporation, combined
with even narrow-base strip cropping, could be even more effective as a total
conservation measure. Combinations of traditional methods, new technology,
and chemical management can provide the holistic groundwater-surfacewater-soil
resource conservation measures that will be needed.

Reduced Tillage Effects on Nitrogen Losses

There are a variety of mixed conclusions regarding N-losses from ZT and RT
systems (see review in Rice and Smith, 1983). One area of confusion regards
potential gaseous losses of N (primarily as Ny0). Gaseous losses result from
both denitrification (under reducing conditions) and from the oxidation of NHy
(Bremner and Blacker, 1978). Gaseous loss rates, and the dominant mechanisms
involved, are related to the moisture regime-or soil water content, substrate
availability (plant and microbe affects) (e.g., Mosier and Hutchinson, 1981;
Rolston et al, 1982), possibly tillage and residue cover (Burford et al.,
1981; Aulakh et al., 1982), and the rate and form of N-fertilization (e.g.,
McKenney et al., 1980; Breitenbeck et al., 1980; Bremner et al., 1981; Cochran
et al., 1981; Seiler and Conrad, 1981; Aulakh and Rennie, 1984; Mulvaney and
Kurtz, 1984). Total rates estimated also depend on the time of year measure-
ments are made but emissions range from <1 to 16 kg-N/ha for rainfed agricul-
tural systems (Bremner et al., 1980, 1981; Duxbury et al., 1982; Goodroad et
al., 1984). Particularly in well-drained, rainfed agricultural systems the
bulk of losses are related to the activity of NHy oxidizers, or nitrifiers
(Breitenbeck et al., 1980; Bremner and Blackmer, 1981). The proportion of
fertilizer-N evolved as No0 in a cropping season is generally about 2% or less
(e.g., Breitenbeck et al., 1980; Cochran et al., 1981; Goodroad et al., 1984).

Recent studies suggest that gaseous-N 1losses (from denitrification) from ZT
systems may be greater than from CT because the population of microbial de-
nitrifiers are greater while nitrifiers are 20-50% 1less in the upper 7.5 -

15cm (3-6 inches) of the soil in ZT, as compared to CT (e.g. Rice and Smith,
1982; Aulakh et al., 1984 a and b; Broder et al., 1984; Linn and Doran, 1984).
However, Linn and Doran (1984) show that below the upper 7.5cm (3 inches)
there is little difference in microbe populations and that denitrifier popula-
tions were actually somewhat greater in CT from 7.5 -15cm (3 to 6 inches).
Aulakh and others (1984a and b) suggest that gaseous-N Tosses may be 5 -10 kg-
N/ha/yr greater from ZT than CT, and that leaching losses may be 2-5% greater.
Goodroad and others (1984) show gaseous-N Toss rates under fertilized (200 kg-
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N//ha) RT corn of 3.5 -6.3 kg-N20-N/ha as compared to background values of 1.0
-2.0 kg-N20-N/ha.

In contrast, El-Harris and others (1983) show that the soil N-mineralization
potential of ZT and RT (chisel-plow) were greater than CT in the spring, but
that by fall thére was little difference. Carter and Rennie (1984) show that
although there are short-term differences in mineralization and immobilization
of N between tillage systems, there were no significant long-term differences.
Similarly, Rice and Smith (1984) suggest greater short-term N-immobilization
in ZT, but overall suggest that total differences in gaseous and leaching
losses are not great.

Aulakh and others (1984a and b) suggest that the more dense surface soil and
related greater moisture content in ZT are factors in promoting greater de-
nitrification. As Rice and Smith (1983) note, the greater soil moisture,
without water-logging (particularly in the better-drained soil environment)
would also enhance nitrification. Several of these studies show that the
normal additions of N-fertilizer make these microbial substrate differences
ineffective and, in fact, promoted a 6-9 fold increase in the soil nitrifier
population wunder all the tillage practices (Broder et al., 1984) promoting
greater mineralization and nitrification (E1-Harris et al., 1983; Rice and
Smith, 1983). Rice and Smith (1983), using N-15 fertilizers noted that within
2 weeks of application 30% and 38% of the fertilizer-N were lost from the
upper 15cm (6 inches) of the soil under CT and ZT respectively. Tyler and
Thomas (1977), 1in a lysimiter study, note greater leaching Tlosses of
fertilizer-N from ZT than CT, with most of the losses occurring in the late
spring and early summer (in large part by macropore flow) before the corn up-
take was significant and when moisture contents in ZT were higher than CT.

In sum, these data suggest that ZT and RT systems may increase both gaseous
and leaching losses of N, but that in large part these differences are related
to N-fertilization, and the total difference in N-loss appears to be small,
perhaps 2-10% more than with CT (e.g., Rice and Smith, 1983, 1984; Aulakh et
al., 1984b; Tyler and Thomas, 1977). These differences are hardly signif-
icant, considering the other benefits of conservation tillage, i.e., the most
important part of the problem is the first 30-80% equivalent of the
fertilizer-N that is not being used by the crop, regardless of tillage system.
And in fact some studies suggest greater crop uptake of N under ZT as well
(Aulakh et al., 1984b; Rice and Smith, 1983).

Limited research available suggests that the effects of herbicides, particu-
larly atrazine, on denitrification are minimal (e.g., Cervelli and Ro]stgn,
1983; Goring and Laskowski, 1982) as are the effects of ti]que on atrazine
dissipation (Ghadiri et al., 1984). The 1long-term applications of N-
fertilizers have contributed to soil acidity which have minimized the_effect
of tillage on atrazine dissipation (except in calcareous soils). Add1t1on§1
research on the effects of different tillage systems on N-losses and pesti-
cides is needed.

Detailed research data are needed on many aspects of nitrogen and pesticide
managment. As noted, some reports suggest that the form of the fgrt1]1zgr-N
may affect the amount of gaseous Tlosses and leaching 1os§es and, in combina-
tion with corn-genotypes, even the crup-N uptake and grain production (e.g.,
Pan et al., 1984; Nelson and MacGregor, 1970)., The 1large amounts of
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fertilizer-N that are lost or unused clearly imply that if the N could be made
more effective that large corn yields could be obtained with substantially re-
duced chemical-N inputs. With the larger amounts of N applied there are, as
shown, larger amounts of N available for crop uptake but the yield responses
over time and some isotope work suggest that soil-N use may also be enhanced
through some form, albeit controversial, of a "oriming" effect (Hauck and
Bremner, 1976; Westerman and Kurtz, 1973; Olson and Swallow, 1984; Feigenbaum
et al., 1984). These large N-losses clearly suggest that fertilizer-crop re-
sponse models need reevaluation in terms of N-efficiency and actual N-uptake.
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SUMMARY AND DISCUSSION

Water-year 1983, the second complete year of monitoring in the Big Spring
basin, provides some interesting contrasts to the first year of study in the
region.  Significantly more detailed hydrologic and water-chemical monitoring
were done for particular hydrologic events, to provide further understanding

of (karst) carbonate aquifer systems, in general, and the Big Spring hydro-
logic system, specificly.

Overview WY-1983

There was a dramatic change in land management in the basin because of the PIK
program.  Reduction in total corn acreage and slight reductions in fertiliza-
tion rates produced about a 30-40% decrease in N-fertilizer application for
the basin, and a somewhat lesser decrease in pesticide use. However, WY-1983
had considerably greater precipitation than WY-1982: increasing from about 34
inches (864 mm) in 1982 to about 44.5 inches (1,130 mm) in 1983 an increase of
31%.  The increase was mainly related to abundant rainfall in late-fall and
early winter (November-December, 1982) and summer (late June - early July,
1983).  The total range of (instantaneous) discharges measured at Big Spring,
from 32 to 295 cfs (0.9 - 8.4 cms) was nearly identical for the two years.

The greater precipitation increased the total water discharged from the basin
by about 47% over WY-1982; surfacewater discharge increased 100% and ground-
water discharge (disregarding WY-1982 storage changes) increased 37%. The
total water-yield equalled about 49% of precipitation. For groundwater, the
runin, conduit-flow component increased 34% while the infiltration, base-flow
component increased 8% (WY-1982 storage effects cannot be removed from this
figure). Even with the greater discharge these groundwater components still
occur in the same relative balance over the course of a water-year, with the
runin, conduit-flow component comprising only 11% of the groundwater dis-
charge, while the infiltration component comprises 89% of the discharge.

The greater water discharge, and particularly the greater groundwater movement
through the soil in infiltration caused a significant increase in chemical
discharge from the basin. Total nitrate-N discharged from the basin in WY-
1983 increased 58% from WY-1982, and totalled more than 1,430 tons (13 x
105kg) of N; approximately 755 tons (6.9 x 105kg) in groundwater, and 675 tons
(6.1 x 105kg) in stream-flow. This equals about 43 1bs-N/ac (49 kg-N/ha) for
the entire basin. The flow-weighted mean nitrate concentration in groundwater
increased from 39 mg/1 in WY-1982 to 46 mg/1 in WY-1983. Thus, the mean ni-
trate concentration for the basin exceeded the the 45 mg/1 drinking water
standard.

Similar trends were recorded on the regional basis as well. The discharge of
the Turkey River at Garber increased 40% from WY-1982, and nitrate-N losses
also increased substantially. The total NO3-N discharged from the Turkey
River basin was approximately 13,400 tons-N (12.1 x 109kg-N) (up from 9,%00
tons of N in WY-1982) an equivalent of 27 1bs-N/ac (30 kg-N/ha) for the entire
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region.

The discharge of pesticides with water from the basin also increased sub-
stantially in WY-1983, particularly in groundwater. The discharge of the
herbicide atrazine in groundwater increased 120% over WY-1982. However, this
still only amounted to about 31 1bs (14 kg) of atrazine. Atrazine was the
only pesticide detected in groundwater year-round, with concentrations ranging
from 0.1 to 5.1 wug/l1, with a flow-weighted mean of 0.28 ug/1. Four other
commonly used herbicides were intermittently detected in groundwater, but
principally during runin-recharge events in May, June, and July. These
herbicides were (maximum concentrations noted in parantheses, before common
name): Lasso (0.63 wug/1, alachlor); Bladex (1.2 ug/1, cyanazine); and Dual
(0.62 ng/1, metolachlor). Lasso appeared in groundwater as late as 8/30/83.
The insecticide Dyfonate (fonofos) also appeared in groundwater (0.11 ng/1)
during the large runin-recharge, storm event of late-June, early-July 1983.
Even though the amount and concentration of pesticides 1in water increased
substantially in WY-1983, the total mass discharged is still estimated at only
about 5% of that normally applied. Numerous other pesticides that were
applied in the basin were not detected in groundwater.

Large spring or early summer runoff and discharge events can significantly
affect the total pesticides lost in water. During the two week period of
large runoff-discharge events in late-June and early-July about 35% of the
total WY-1983 discharge of atrazine occurred. The amount discharged during
this period alone equaled about 80% of the atrazine discharged in WY-1982.

Components of Groundwater and Chemical Discharge

As noted, the contributions of the components of the groundwater discharge
were approximately the same in WY-1983 as in WY-1982; the infiltration, base-
flow component comprising about 90% of the water discharge, and the runin,
conduit-flow component only 10%.  The highest concentrations and largest mass
of nitrate are delivered through the infiltration-component (95%) while the
runin-component delivered only 5% of the nitrate-N. This delivery was similar
to WY-1982. With the 1large runoff-runin events during WY-1983 the relative
delivery of pesticides (based on atrazine) to groundwater was substantially
different. In WY-1983 the runin component delivered 47% of the pesticides,
with a flow-weighted mean atrazine concentration of 1.2 ug/1, while the in-
filtration component delivered 53% of the pesticides, with a flow-weighted
mean atrazine concentration of only 0.16 ug/l. In WY-1982 the relative de-
livery of pesticides was 16% for runin, and 84% for infiltration. Even with
the different conditions of WY-1983 the infiltration component still delivers
the largest mass of contaminants into the groundwater system. These findings
are supported by research in Floyd and Mitchell counties, as well (Libra et
al, 1984)., The respective contributions of these components must be con-
sidered in any planning of remedial measures or management practices.
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Nitrate Fluctuations and the Hydrogeologic System

Nitrate concentrations monitored from tile-lines, surfacewater sites, Big
Spring and the Turkey River all fluctuate in harmony throughout the years of
monitoring. The parallel nature of the records demonstrate that similar
mechanisms and responses to recharge deliver nitrate to all parts of the
hydrologic system. The close coincidence of both nitrate and discharge
records between Big Spring and the Turkey River show that the processes and

relationships documented at Big Spring are applicable on the regional scale as
well.

NO3-N Losses and Landuse

The total NO3-N Tosses from the Big Spring basin increased from an equivalent
of 27 1bs-N/ac (31 kg-N/ha) in WY-1982 to 43 1bs-N/ac (49 kg-N/ha) in WY-1983.
Obviously, there is no direct relationship between the NO3-N discharged and
the decreased application of fertilizer-N which resulted from the PIK program
in calendar year 1983. This is because of the time lag between changes in
chemical Tand-treatment and changes in the chemical quality of the groundwater
(combined with differences between crop, or calendar years and water-years).
As shown by a review of various agronomic studies, at moderate to high N-
fertilization rates NO3-N is stored in the soil, and the amount builds up in
direct proportion to the amounts applied and the number of years of applica-
tion.  The NO3-N leached in any year, such as WY-1983, is in large part, re-
lated to this storage, which masks the effects of individual years in the
short term.  Any impact, or decrease in NO3-N leaching resulting from PIK,
would be expected to show in future monitoring. Landuse in the Big Spring
basin has been relatively constant between 1979 and 1983, and thus the NO3-N
losses can be put in the context of the acreage that has been in corn pro-
duction over that time (3-5 years in various rotations). In this perspective
the amount of N lost from this acreage base increased from 47 1bs-N/ac (52 kg-
N/ha) in WY-1982 to 74 1bs-N/ac (83 kg-N/ha) in WY 1983. Again for per-
spective the WY-1982 N-losses were equivalent to 33% of the fertilizer-N
applied in 1982; the WY-1983 N-losses would be equivalent to 53% of those same
1982 N-fertilizer amounts. Note that this is a minimum figure because it only
accounts for NO3-N losses. Thus, in a relatively wet year, such as WY-1983, a
minimum equivalent to about 50% of the chemical fertilizer-N applied may be
lost into groundwater and surfacewater combined. Particularly considering how
well the behavior in the Big Spring system reflects regional conditions, the
magnitude of N-losses would certainly seem to constitute an economic as well
as an environmental loss.

As noted these figures are minimums for the amount of N lost from the basin.
Piezometer studies and stream monitoring in the basin show that denitrifica-
tion occurs in local-settings in the soil environment, and possibly in the
streams themselves, accounting for additional 1lost N, that cannot be
quantified. Monitoring of ammonium-N and organic-N show that these forms of N
are also discharged in groundwater during runin-recharge events. They are
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discharged in higher quantities in streamflow which leaves the basin. In
total they may constitute 10% additional to the N lTost from the basin.

Suspended Sediment in Groundwater

In the unique karst-carbonate aquifer system suspended-sediment also occurs in
groundwater causing water-quality problems, particularly during runin, conduit
flow periods. During base flow, suspended sediment concentrations at Big
Spring are negligible, but during peak, conduit-flow the sediments loads are
essentially equal to surface-runin water, reaching concentrations of nearly
5,000 mg/1 and discharge rates of over 190,000 1bs/hr (87,000 kg/hr). The
total discharge of suspended sediment at Big Spring alone was about 3,500 tons
(3.2 x 108kg). These sediment loads create serious problems for the ICC fish
hatchery operations.

In addition, to the water-quality problems turbidity and mineral-sediment
create, the suspended-sediment Tload also introduces a variety of organic
material into the aquifer, ranging from microbes to whole corn stalks, that
can be seen discharging at Big Spring. Pesticides also occur attached to
mineral or organic matter particles.

Detailed Monitoring of Discharge Events

Detailed monitoring of discharge and water chemistry, dye tracing, and hydro-
graph analysis of major discharge events during WY-1983 provide many insights
to the behavior of the karst-hydrogeologic system. These data verify, and
amplify, the prior findings (Hallberg et al., 1983) about the flow system and
the nature of the contributing components.

While the recharge-discharge mechanisms are complex, different analytical and
chemical hydrograph separation techniques show that the two fundamental
components--infiltration base-flow, and runin conduit-flow--can be con-
sistently quantified within about 10%. The chemical monitoring and separation
techniques also verify the complexity of components which contribute to major

discharge-hydrograph events, and contribute to the nature of water-quality
fluctuations.

Monitoring of rainfall-runin events shows that the high surfacewater concen-
trations of parameters such as suspended sediment (e.g., 5,000 mg/1), pesti-
cides (5-20 wug/1), organic and ammonium-N move through the conduit-
groundwater system as a 'slug' discharging from the groundwater in essentially
the same concentration as they entered. These events also introduce bacteria
and potentially pathogenic organisms into groundwater. While the runin
component delivers contaminants to the groundwater which are of concern for
public hgalth on the Tlocal level, the infiltration component is responsible
for regional aquifer contamination. Also, infiltration is the recharge
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mechanism common to all aquifers, which gives these data much broader implica-
tions.

Detailed monitoring shows that the relationships between rainfall-runoff in
the basin and the time to response at Big Spring are complex, and vary with
the antecedant conditions. When runin, conduit-flow, discharge events occur
during Tow-discharge, base-flow periods the timing between runin, within the
basin, and the 'rise' in discharge at Big Spring, appears to be inversely re-
Tated to the magnitude of the event, particularly when a succession of events
occur and each successive event is larger than the previous one. Smaller
events initiate a rise in Big Spring discharge within 12-24 hours after runin,
but successive larger events take longer. Events which have exceeded 200 cfs
(5.7 cms) at Big Spring have response times between 24 and 36 hours. Runin-
water from sinkholes on the west-side of the basin arrives at Big Spring with-
in 12-24 hours, but the maximum water-quality changes indicating 'new-water'
from runin (from the basin as a whole) generally arrives at Big Spring between
36 and 40 hours after runin (up to 48-54 hours after runin for the successive-
ly larger events).

When discharge peaks are generated by snowmelt (and/or runin) when the spring
is discharging at 85 cfs (2.4 cms) or greater the rise begins within about 9
hours, suggesting that at these higher discharge rates the head in the aquifer
is high enough, and the conduits are filled with enough water, that the
additional recharge causes a head increase that can be more rapidly trans-
mitted as a pressure-wave. Even under these conditions the change in water

quality that marks the arrival of this ‘'new' runin, conduit-flow water does
not occur until 21-24 hours after runin.

Large hydrologic events that promote either elevated base-flow, or the initia-
tion of peak-flow recession at discharges greater than about 85 cfs (2.4 cms )
generated some unique water-quality changes in the groundwater. For purposes
of discussion we have termed these phenomenon nitrate 'plateaus', from the
overall shape of the plot of nitrate concentrations with time. The plot of
nitrate concentrations for these plateaus is marked by: 1. a sharp rising
1imb, in which nitrate concentrations abruptly increase about 50% (e.g., from
about 50 up to 75 mg/1) in less than 24 hours; 2. a relatively stable, flat-
topped portion (at the high-concentration level) which lasts for 5 to 7 days;
and 3. a sharp termination, during which nitrate concentrations fall 25-50%
(e.g., from 75 to 50 mg/1) in less than 24 hours; and then 4. more gradually
recess until the next event. Observations show that these plateaus mark a
unique phenomenon which is related to the overall infiltration, diffuse-flow
component. The plateaus are not related to any discrete parcel of water. The
rising 1imb can be explained as the relatively rapid passage of runin,
conduit-flow water (dilute in nitrate) followed by new infiltration-water,
enriched in nitrate which is displaced from "storage" in the soil profile.
The falling Timb, or termination, is more difficult to explain. The termina-
tions occur during gradual discharge recession and seem to indicate that the
decline in head, during recession, lTowers the water table below the zones of
high nitrate concentrations in the soil in the high infiltration portions of
the basin. The continued gravity drainage, infiltration-recharge, subsequent-
ly comes from lower in the soil-rock system from zones containing Tlower ni-
trate concentrations.

The monitoring of tile-drainage water has helped provide insights into the
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plateaus, as well as providing other proxy observations of the behavior and
quality of the shallow groundwater in the basin. Of note also, is that the
pesticide concentrations noted in the tile-lines are essentially the same as
those in the deeper groundwater. This suggests that once pesticides have
leached out of the topsoil environment through the 2-5 feet of soil (0.6-1.6m)
above the tile-lines, that 1ittle additional degradation takes place during
further movement through the soil or in groundwater.

Soil Nitrates

Numerous soil cores were collected from the basin, to varying depths (2 -30
feet), under various 1anduse, after corn-harvest in 1982 and 1983. The soil
samples were analyzed for -N and pesticides. The NO3-N data were sum-
marized into 1b/ac (and kg/ha? equivalents by depth. he amount of NO3-N
stored in the profi]e vary directly with landuse and increased proportionately
with the number of years of fertilized corn. These results are in direct
agreement with many other agronomic studies, and again show the inter-
relationship  between N-fertilization and NO3 Tleaching to groundwater.
Measured to a depth of 10 feet (3 m) the amount of NO3-N stored in soils under
forest, pasture, fertilized-pasture and alfalfa-meadow (in 5 yr. rotation with
corn) ranged from 48-80 1bs-N/ac (50-90 kg-N/ha) while under high fertiliza-
tion (150-175 1bs-N/ac) corn the amounts ranged from 135 1bs-N/ac (150kg-N/ha)
under second-year corn to 400 1bs-N/ac (450 kg-N/ha) under ‘continuous' corn.

Soil Pesticides

The same (fall, post-harvest) soil cores were analyzed for pesticide residues
In the plow-Tayer maximum concentrations of 120.0 ug/kg atrazine, 5.8 ng/kg
Bladex (cyanzine), 23.0 wng/kg Lasso (alachlor) and 10.0 wug/kg Dyfonate
(fonofos) were recorded. Atrazine concentrations of 1.0 ng/kg were noted to
depths of nearly 10 feet (3.0 m), and 0.3 pg/kg atrazine were detected at a
depth of 14.5 feet (4.4 m) at one location. Other pesticides were not de-
tected at great depths. These data illustrate that the herbicide atrazine, at
least, is leaching to substantial depth through the loessial materials. These
concentrations at depth are very similar to the atrazine concentrations
that persist in groundwater year-round in the basin.

Atrazine is the only pesticide that has been detected in groundwater year-
round in the Big Spring basin. It is also the most widely used herbicide in
the basin and has been used widely for a longer period of time than the other
herbicides. Atrazine has been in use in the area for over a decade.

Bladex, Lasso, and Dual have only been detected intermittently in the ground-
water, generally in relation to runin-recharge events in May through August.
In general, atrazine has a lower water-solubility than these other common
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herbicides. However, at the low-concentrations they are occuring their total
solubility is not a major factor. Bladex, Lasso, and Dual (and Sencor/
Lexone-metribuzin) have been detected year-round in groundwater in Floyd and
Mitchell County (Libra et al., 1984).  These herbicides are used more exten-
sively, relative to atrazine, in the Floyd-Mitchell area because of the common
rotation of soybeans with the corn. Thus, total use (and length of time used)

in these areas may be a key factor in the appearance and persistence of these
herbicides in the groundwater system.

Persistence in the soil is another key factor. Atrazine is not used on land
in rotation with soybeans because it 1is noted for “carryover" problems. In
general, in most common guides the soil persistence of atrazine is 1listed as
8-32 weeks, whereas the persistence of other three are commonly cited as 4-12
weeks.  The persistence and carryover of atrazine is well documented in
various studies (e.g., Armstrong et al., 1967; Roeth et al., 1969; Burnside et
al., 1971; Burnside and Wicks, 1980; Frank et al., 1982; Jones et al., 1982),
but the 'half-life' is estimated variously from 37 days (Dao et al., 1979) to
3 to 5 years (Armstrong et al., 1967). Recent, well documented studies show a
half-1ife in the soil environment of about one year (Jones et al., 1982),
whereas 1in estuarine water and submerged sediment it was about 1-2, and 2-3
weeks, respectively. Atrazine degradation increases with soil acidity (Arm-
strong et al., 1967) and it is much more persistent in the relatively alka-
Tine, montmorillonitic soils of the midwest than the more acid, kaolinitic
soils of the southeast (Best and Weber, 1974) and has generally been found to
be the most persistent herbicide wused in the midwest (e.g., Burnside and
Schultz, 1978). Most of this research has concentrated on the fate or per-
sistence of atrazine in the plow layer and little is known about the per-
sistence of atrazine below this. Roeth and others (1969) and Harris and
others (1969) show that degradation in the subsoil proceeds at about one-third
the rate as in the plow-layer, even though some studies suggest non-biological
hydrolysis is the primary means of degradation (e.g., Ghadiri et al., 1984).
In field studies where Lasso (alachlor) was applied in larger quantities than
atrazine, atrazine still occurred more persistently and at higher concentra-
tions in runoff and subsurface flow water (Wu et al., 1983),

The Tleaching of atrazine through the soil into deep tile drains and ground-
water base flow to streams has been widely noted, as well as its year-round
persistence in these groundwater environments (Burnside et al., 1971; Muir and
Baker, 1976; Von Stryk and Boton, 1977; Schwab et al., 1973; Frank et al.,
1982; Wu et al., 1983; Wehtje et al., 1984). These studies report concentra-
tions in the same range as noted in Iowa, except Schwab and others (1973) who
report weighted-average concentrations in tile-effluent as great as 174 pg/1,
under conditions of unusually high application and irrigation.

The leaching of atrazine through at least 16 feet (5 m) of sandy soil, and in-
to groundwater, has been well documented in Nebraska (Spalding et al., 1980;
Junk et al., 1980; Wehtje et al., 1984). In these irrigated alluvial aquifers
in Nebraska atrazine also persists year-round and fluctuates seasonally in
concentration generally reaching maximum levels of about 3.0 ug/1 (but locally
up to 8.3 ug/1 in a very shallow research well; Wehtje et al., 1983). Weht je
and others (1984) show that direct downward leaching is the cause of the low-
level atrazine contamination in the groundwater. The aquifer here is also
contaminated with nitrates from the leaching of N-fertilizers (Linderman et
al., 1976). They found that the atrazine being delivered to groundwater, at
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any particular time, was residual atrazine in the soil profile related to the
buildup and leaching over a number of years of application. The seasonal
fluctuations in concentration showed that the atrazine was delivered to
groundwater in "pulses" or "waves" of greater and lesser concentration. This
is likely related to differential leaching, and redistribution in the soil,
and differential partitioning between soil adsorbed and solute phases under
different degrees (and time) of saturation. In another study Wehtje and
others (1983), studied the fate of atrazine under aquifer conditions and found
no evidence of microbial degradation, but found that limited degradation by
hydrolysis occurred. Enough atrazine dissipation occurred in the aquifer
(through adsorption, dispersion, and degradation) that they concluded that the
yearly-average value of 0.38 ug/1 atrazine in the aquifer probably represented
a steady-state condition between the amount annually delivered and the amount
degraded and dissipated in the aquifer. However, not all of their water-
sample data support this.

A11 of these various studies (and previously cited studies) support the find-
ings of the authors' studies in the Big Spring basin and the Floyd-Mitchell
county area. Commonly-used herbicides in particular can leach into, and per-
sist in the subsoil, and leach directly into groundwater. The concentrations
in groundwater will likely relate to amounts applied and duration or history
of application, the efficiency of 1leaching, as well as the chemicals per-
sistence. Once in the groundwater, concentrations may decline between major
influx periods because of dispersion and degradation; though degradation will
likely be 1limited under aquifer conditions. Atrazine concentrations in
winter-spring groundwater base-flow in the Big Spring basin tended to be
slightly higher in late 1983 than late 1982, but there is not enough record to
suggest that this has significance; it may simply relate to the greater re-
charge during WY-1983.

Temporal Changes in Water-Quality

Other water-quality and crop-use data collected in the region (see Hallberg et
al., 1984) further support the direct, linear relationship, between the in-
crease in nitrates in groundwater with the large increase in N-fertilization
that has taken place since the 1960s. A review of agronomic studies which
have related N-fertilizer application rates to the N-buildup in soils or the
N-Tosses in tile drainage, show that this linear relationship is precisely the
response that should be predicted in a setting such as northeastern Iowa.

On the short term, seasonal or monthly basis, the concentration of NO3 and
mass of NO3-N discharged show significant, positive, linear relations to the
amount of water discharged. Over the Tong term the excess NO3-N is stored in
the soil. Because infiltration through the soil is the principle component of
recharge, the timing of nitrate fluctuations in water supplies is related to
seasonal recharge periods, and generally not to the timing of seasonal
agricultural practices.

The direct relationships between total fertilizer-N applications and ground-
water nitrate concentrations also indicate that any significant decrease in
the amounts of fertilizer-N applied (or increased efficiency of N-use, such
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that less could be leached) would be accompanied by a proportional decrease in
groundwater nitrate, at least when integrated over a 2-5 year period.

Review of Agricultural Management Practices and Water-Quality

Management alternatives, or 'best-management practices' (BMPs), need to be
formulated that will couple standard concerns for soil erosion and surface-
water quality with the need to reduce chemical losses in infiltration to
groundwater. This will need to be done to balance our need for efficient
agricultural production with the need for safe drinking water. Some measures,
such as terracing will control soil erosion and runoff but will promote
greater infiltration and additional chemical 1leaching. Over time these
problems can be addressed through new technology; improved equipment, chem-
icals, and plant-breeding. However, a review of many studies suggests that
through new combinations of many current and accepted practices these goals
can be compatible. Better chemical and nutrient management must be coupled
with systems for soil management, as well.
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APPENDIX 1
Standard Water-Quality Data From A1l Monitoring Sites
Locations given on figures 3, 4, and 5, and in Hallberg et al., 1983.

Notes: Pesticide analyses are given in pg/1 with a single-letter abbreviation
for the particular pesticide. The abbreviations are as follows: A - Atrazine
or AAtrex (atrazine); B - Bladex (cyanazine); D- Dual (metolachlor); F -
Dyfonate (fonofos); L - Lasso (alachlor); R - Furadan (carbofuran); S -
Sencor/Lexone (metribuzin); and N - dieldrin; ND - none detected; N/A or

blank - not analyzed.

N-series, or nitrogen-series analyses are reported in mg/1 as N, for T - NO3
+ NOo-N; G - organic-N; A - ammonium-N; and NO2-N for NOo-N when it was
analyzed separately (when NOp-N appears, T is only N03-N§.

Other: abbreviations; M-complete mineral scan, data in Appendix 2; 0 - other
see table for miscellaneous data for that site.

Some surrfacewater sites will report water discharge measurements, Q = cfs;
and suspended sediment concentrations (sus. sed. con. = mg/1).
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Table 1-1.
NO4
Date  mg/1
1981
11/17 17
1982
1/26 10
2/25 28
3723 26
4/19 20
5/26 19
6/8
6/22 18
7/28 57
8/24 24
9/22 38
10/26 36
11730 31
12/28 24
N 13
X 27
S 12

Bac
MPN

oo o

cocooococo

o~

Radon
pici/l

600459
350+34
510750

450+48
810%80
400745
380+45
430+59
290%35
31@537

Turbid Temp.

pH NTU
7.3 0.64
7.3 0.41
7.4 1.1
7.4 1.5
7.4 0.57
7.2 0.48
6.9 1.6
7:by ) 1.5
7.4 1.45
7.3 0.89
10 10
7.3 0.99
0.48

°C

et
NGO N O W -
nooow;mo o
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Water analyses for well VD-24 (site 11).

Cond.
mi cromhs /cn?
@ 25°C

700

740
705
720
760
760
670
700

720
32

Pesticides!
ug/1

0.06A
N.D.

Other3
M

Notes

Table 1-1. Continued.
NO3 Bac. Temp.

Date mg/1  MPN pH °C Cond.
1983
5/5 21 7.2 11.9 640
6/28 21 0
7/6 23
7/28 14 0
10/3 15 16 715
1984
5/1 16
6/14 13
7/18 13
8/28 9
LA - atrazine

N.D. - none detected

pg/1 - part per billion
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N-Series?
mg/1

4.60T
0.096
0.02A

4.70T
<0.01G
<0.01A

5.20T
<0.01G
<0.01A

Pesticides! C1*  Other?
ug/l mg/1 Mor0
14 M
N.D.
N.D.
N.D.
N.D.



Table 1-2. Water analyses for well B-18 (site 15). Table 1-3. Water analyses for well B-32 (site 16).

Cond. Cond.
NO3 Bac. Radon Turbid Temp. micromhs/cm® Pesticides! Other3 NO3  Bac. Radon Turbid Temp. micromhs/cm® Pesticides! Other®
Date mg/l MPN  piCi/l1 pH NTU %€ @ 25°C pa/l M Notes Date mg/1 MPN  piCi/1 pH NTU °C @ 25°C ug/1 M Notes
1981 1981
11717 144 0 W-17703 11/18 19 0
1982 1982
1/26 137 0 1/26 19 5.1
2/24 134 5.1 -- 7.2 0.9 N.D. 2/24 17 0 -- 7.5 39
3/23 134 5.1 -- 7.2 0.55 3/23 16 0 -- 7.4 22
4/19 140 2.2 - 7.3 1.1 4/19 15 0 - 7.6 6.3
5/26 148 5.1 990491 7.3 3.6 5/26 12 0 15017 7.6 20 9.0 605
6/7 - 0.06A 6/7 N.D.
6/22 154 2.2 13004120 7.4 0.56 11.0 1110 0.10A 6/22 18 0 440448 7.6 10.5 9.4 700
7/28 158 0 1100+103 7.3 0.58 10.5 1200 N.D. M 7/28 19 0 300430 7.4 0.35 10.0 700 N.D. M
g/25 141 9.2 900+88 7.1 8.7 10.0 1090 8/25 14 0 140421 7.3 54 9.0 680
9/22 132 0 17003160 7.4 0.78 9.0 1050 9/22 18 0 140+20 7.6 2.75 9.0 685
10/26 144 0 660+74 - - 10.0 1090 10/26 17 0 91+26 10.0 680
11/30 142 5.1 790+78 7.5 1.10 9.0 1100 11/30 out of order
12/28 153 9.2  ===--- 7.1 0.85 9.0 1100 12/28 21 0 ------ 7.4 21 7.0 675
N 13 7.0 10 10 N 12 9 9 7
X 143 7.3 1.9 1100 X 17 7.5 20 675
S 8 -—= 2.6 46 S 3 18 32
NO3 Bac. Temp. N-Series? Pesticides! C1*  Otherd NO3 Bac. Temp. N-Series?  Pesticides! C1*  Other?
Date ma/1  MPN pH L Cond. mg/1 ug/l mg/1  Mor0 Date mg/1  MPHN pH °c Cond. mg/1 ug/l mg/1 M or 0
1983 1933
5/5 142 12 1150 5/5 23 7.4 12.5 700 5.10T 9.0 M
6/28 144 0 32.007 0.086G (sample
0.04G 0.06A turbid)
0.01A 10/3 24 13.5 690
1/6 140 31.00T7 N.D.
<0.01G
<0.01A
7/28 154 2.2
10/3 153 14 1115
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Table 1-4. Water analyses for well VD-12 (site 26).

Cond.
NO3 Bac. Radon Turbid Temp. micromhs/cm® Pesticides! Other?

Date mg/1 MPN  piCi/1 pH NTU °C @ 25°C ug/l M Notes

1951

11/16 12 0

1982

1/26 26 16+ sampied

at
cistern

2/15 <5 0 320+34 7.4 >100

3/23 <5 0 490+50 7.3 58

4/19 -— .- - .- == - --

5/26 <5 0 87Q184 7.4 78 10.5 810

6/7 0.06A

6/22 <5 0 260+27 7.4 63.5 9.7 840

7/28 36 2.2 B820%75 7.2 3.55 10.0 830 N.D. M

8/25 <5 0 39Q:44 7.1 42 9.5 800

9/22 <5 0 480+53 7.4 21 9.5 780

10/26 b3 0 590468 -=---a--- 9.0 - 790

11/30 10 ] ?302?4 Ta2 34.5 9.0 675

12/28 34 16+ —=-a- T2 5.1 9.0 890

N 12 9 9 8

% 16 7.3 a5 800

S 20 -—- 33 62

N0y Bac. Temp. N-Series?  Pesticides! C1*  Other®

Date mg/1l  MPN pH ] Cond. mg/1 ug/l mg/1 M or 0

1983

5/5 6.4 7.3 11.9 B40 1.40T7 9.0 M
0.11G (sample
0.14A turbid)

7/6 28

10/3 <5 14 775
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Water analyses for well B-27 (site 30).

Table 1-5.

NO3  Bac.
Date mg/1 MPN
1981
11/18 40 9.2
1982
1/26 43 0
2/24 72 9.2
3/23 38 0
4/19 31 0
5/26 35 0
6/7
6/22 38 0
7/28 41 16+
8/25 24 5.1
9/22 23 5.1
10/26 30 0
11/30 27 9.2
12/28 28 5.1
N 13
¥ 36
S 13

NO3

Date mg/1
1983
5/5 29
10/3 39

Radon

pici/

1100+100

940+91
1200+110
560%60
76081
630%72
750%74

Bac.
MPN

pH

7.3

Cond.
Turbid Temp.

pH NTU °C @ 25°C
7.3 27
1.3 0.91
1.6 14
7.5 14 9.0 700
7.4 15 9.7 720
7.4 1.2 10.0 700
Tl <14 9.5 700
7.4 7.4 8.5 710
.......... 9.5 710
7.4 78 9.0 690
7.3 9.5 7.0 675
0 10 8
7.4 18 700
= a3 14
Temp. N-Seri 252

ae Cond. mg/1

12 700

14 710

160

micromhs/cm®  Pesticides!

Other?
ug/l M Notes
0.05A
N.D. M
Pesticidest C1*  Other’
wa/l mg/l M or0
3.0 M
(sample
turbid)



Table 1-6. Water analyses

N0z  Bac. Radon
Date mg/1l MPN  piCi/l
1981
11/17 94 2.2
1982
1/26 83 2.2
2/25 94 0  1000+95
3/23 36 1o+ 1200+110
4/19 84 16 BOU¥B2
5/26 21 0 850481
6/7
6/22 62 2.2 1100+100
7/28 152 2.2 B10#77
8/24 114 0 930+394
9/22 106 2.2 1100+110
10/26 81 0 840+89
11/30 77 2.2 770477
12/28 74 0 ---=-
N 13 1
% 84
S 32

NO5 Bac.

Date mg/1  MPN pH
1983
5/5 62 7.3
10/3 103

for well VD-18 (site 37).

Cond.
Turbid Temp. micromhs/cm? Pesticides! Otherl
pH NTU °C @ 25°C vg/l M Notes
7.2 31 N.D.
Tae 2.6
7.3 3.4
7.3 8.9 10.0 745
0.12A

7.4 7.8 10.2 900 0.10A
ToZ 3.3 10.0 950 0.09A M
7.0 3.0 10.0 980
7.3 5.2 10.0 960
--------- 9.0 1000
1.2 25 10.0 900
7.3 33 9.0 930
0 10 8
7.2 12 920
--= 12 79

Temp. N-Series?  Pesticides! C1*  Other?

¢ Cond. mg/1 ug/l mg/1 Mor 0
12.5 900 34
15 940
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Table 1-7.

Date
1981
11/16
1982

1/26
2/24
3/23
4/19
5/26
6/7
6/22
7/2%
8/25
9/22
10/26
11/30
12/28

Vo> =

Date
1983

5/5
10/3

Water analyses for well L-7 (site 39).

NOg

mg/

120

142

71
108
109
109

59
123
84
120
108
45

12
100
29

1

NO3
mg/1

140
156

Bac
MPN

16+

. Radon

piCi/Nl

750473

420+40
230733
280736
350746
550758

Bac.

MPN  pH

7.2

Turbid Temp.

pH  NTU

~
.
—
w e

Temp.

12
13.5

°C

10.0

i
WO OO N

Cond.

1200
1140

162

Cond.
micromhs/cm? Pesticides!
@ 25°C ug/l
1075
0.05A
610
1200 N.D.
1275
1150
1330
1100
535
8
1030
300
N-Series?  Pesticides!
mg/1 ng/l
0.11A

Other3

M

ci
mg/1

80

Notes

Otherd
Mor0



Table 1-8. Mater analyses for well PAT-20 (site 45),
Cond.
NO3 Bac. Radon Turbid Temp. micromhs/cm? Pesticides!
Date mg/1 MPN  piCi/l pH NTU % @ 25°C ug/1
1981
11/18 <5 0
1982
1726 <5 0
2/25 <5 0 250+28 7.1 5.5
3/23 <5 0 - 7.2 5100
4/19 <5 0 210+23 7.2 22
5/26 <5 0 260+30 7.3 4.5 11.5 650
6/7 N.D.
6/22 <5 0 290435 7.3 26 11.4 680
7/28 <5 0 170%24 7.3 2.0 11.0 680 N.D.
8/24 <5 0  240%¥34 6.9 12 11.5 655
9/22 <5 0 210+31 7.8 2.7 10.0 680
10727 <5 0 200430 ===m==ee-- 11.0 700
11/30 <5 0 180+20 7.2 5.9  10.0 665
12/28 <5 0 —---- 1.2 3.0 9.0 655
N 13 10 10 8
b ¢ <5 7.2 18 670
S 0 --- 30 17
NO3 Bac. Temp. N-Series?  Pesticides!
Date mg/1  MPN pH ®C Cond. mg/1 ug/l
1983
5/5 0.7 7.3 14 680 0.207
0.066G
0.22A
10/3 <5 14 665
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Other?
M Notes

Ci*  Other?
mg/1 M or 0

<0.5 M

Table 1-9.

Date
1981
11/18
1982

1/26
2/25
3/23
4/19
5/26
6/7
6/22
7/28
8/24
9/22
10/27
11/30
12/28

N
T
S

Date
1983
3/4/83
5/5

6/28
6/28

1/6
7/6

7/28
10/3

NO3  Bac. Radon Turbid Temp.
mg/1 MPN  piCi/1 pH  NTU o
<5 0
<5 0 B3+12
<5 2.2 110%15 7.3 11
<5 0 130+17 7.3 37
6 0 120715 7.4 57
<5 0 110717 7.4 9.5 9.5
<5 0 170+24 7.5 34 10.4
<5 0 180+23 7.4 10 11.0
<5 0 150+24 7.3 61 11.0
<5 0 110+%17 7.5 5.5 10.0
<5 0 130420 ---meeeme- 10.0
<5 0 110715 7.4 32 9.0
<5 0 52+12 7.3 55 8.0
13 10 10
<5 7.4 31
0 --- 22
NO3 Bac. Temp.
mg/1  MPN  pH °C Cond.
<5
<0.1 7.4 11 600
<5 0
<0.1
<5 0
<0.1
<5 5.1
<5 14 610
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Water analyses for well PAT-18 (site 47).

Cond.

micromhs/cm® Pesticides!

@ 25°C

585

600
590
600
600
620
605
610

600
11

N-Series?
mg/1

<0.01T
0.07G6
0.11A

<0.01T
<0.016
<0.01A

<0.01T
<0.016
<0.01A

ug/1

N.D.

zZz=

N.D.

Pesticides!
ug/l

N.D.

Other?

M

o b
mg/1

Notes

Other3
Mor0



Table 1-10. Water analyses for well F-51 (site 49). Table 1-11. Water analyses for well F-8 (site 52).

Cond. Cond.
NO3 Bac. Radon Turbid Temp. micromhs/cm® Pesticides! Otherd NO3  Bac. Radon Turbid Temp. micromhs/cm® Pesticides! Other?
Date mg/1 MPN piCi/l pH NTU 2C @ 25°C Al M Notes Date mg/1 MPN  piCi/1 pH NTU % @ 25°C pa/l M Notes
1981 1981
12/15 11 0 12/14 64 0
1982 1982
1/26 12 0 1/26 59 0
2/25 26 0 1300+120 7.3 K | 2/25 62 0 1200+110 T 0.56
3/23 17 0 1800+160 -- - 3/23 63 0 1300+130 1.3 0.42
4/19 az 2.2 1700+150 7.2 225 4/19 79 0 1000+96 1.0 3.4
5/26 25 5.1 <= 7.2 10 10.0 695 5/26 63 0 1500+130 7.6 0.90 10.5 735
6/7 0.45A 6/7 0.25A
6/22 39 9,2 790+74 7.5 4.9 10.5 810 6/22 63 0 1600+150 1.5 0.50 11.2 775
7/28 35 0 1100+110 7.4 0.78 11.0 705 N.D. M 7/28 61 0 1400+130 7.5 0.56 10.5 745 0.15A M
8/24 11 0 2100%190 7.2 3.2 11.0 650 8/25 60 0 1100+124 e 1.4 10.0 745
9/22 10 4J 1800+180 7.8  0.90 10.9 630 9/22 57 0 14001140 7.6 0.79 10.0 740
10/26 10 0 17UUE16[J ---------- 10.0 665 10/26 55 0 1200+120 ------=o=== 10.0 760
11/30 52 5.1 790%78 7.2 32 10.0 825 0.16A 11/30 60 0 1100+110 8.0 1.3 9.0 725 0.13A
12/28 30 N 1.1 2.1 8.0 - 600 12728 60 0 eme--- 7.5 2.8 8.0 740
N 13 10 10 8
N 13 9 9 8 X 62 7.4 1.3 750
T 25 7.3 7 690 S 6 -—- 1 16
] i --- 10 81
N7 Bac. Temp. N-Series? Pesticides! C1*  Other

Date mg/1  MPN pH %6 Cond. mg/1 ua/l mg/1 M or 0
1983
5/5 11 7.4 12.2 640 14 M
10/3 2a 15 740
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Table 2-11. Continued
NO3 Bac. Temp.
Date mg/1  MPN pH °C Cond.
1983
3/4/83 61 2.2
5;5 54 7.2 12 700
6/27 54 0
6/28 54
7/4 70
7/6 59
7/22 56 0
10/3 539 15 700
1984
5/1 64
6/14 56
7/18 59
8/28 53

L A - atrazine

N.D. - none detected
ug/l = part per dpillion
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N-Series?
mg/1

12.007
0.08G
0.04A

12.007
<0.016
<0.01A

13.00T
<0.016
<0.01A

Pesticides!
ug/1

=Zz0o
o

0.25A

0.16A

0.29A
0.20A

cie
mg/1

Other3
Mor0

Table 1-12. Water analyses for well F-33 (site 56).
Cond.
NO3  Bac. Radon Turbid Temp. micromhs/cm® Pesticides!

Date mg/1 MPN piCi/1 pH  NTU °C @ 25°C wa/l
1981
12/14 35 0
1982
1/26 30 0
2/25 18 16+ 980+93 7.3 1
3/23 34 16+ 420+43 7.3 2.5
4/19 36 2.2 730+69 7.3 1.9
5/26 48 5.1 920+86 7.3 4.3 -- 795
6/7 0.10A
6/23 44 0 670+62 7.4 0.53 10.1 800
7/28 47 2.2 240128 7.5 0.47 12.0 750 0.15A
8/25 29 0 500+50 1.3 3.7 Il.5 710
9/22 30 0 520+62 7.8 1.7 11.0 710
10/26 23 0 530460 --------- 10.0 700
11730 39 16 790+77 7.3 1.35 9.0 750
12/29 43 2.2 ----- 1.6 2.0 9.0 800
N 13 10 10 8
N 35 7.4 1.9 750
S 9 -— 1.3 43

NOq Bac. Temp. N-Series?  Pesticides!
Date mg/1  MPN pH L Cond mg/1 wa/l
1983
5/5 38 7.3 10 750
10/3 32 15 735

168

Other3
M Notes

C1*  Other?
mg/1T Mor0

11 M



Table 1-13. Water analyses for well T-17 (site 57). Table 1-13. Continued

Cond.
NO3 Bac. Radon Turbid Temp. micromhs/cn? Pesticides! Otherd NO3 Bac. Temp. N-Series?  Pesticides! C1%  Other
Date mg/l MPN  piCi/1 pH NTU °c @ 25°C ug/1 M Notes Date mg/1  MPN pH °c Cond. mg/1 wg/l mg/1 M or0
1981 1983
11/17 36 2.2 5/5 65 7.4 12.7 780 15.00T 28 M
0.15G
1932 0.05A
- 10/3 717 14 765
1/26 41 2.2
2/25 38 9.2 1200+110 7.4  0.82 1984
3/23 44 16+ 330+34 7.7 0.82 -
4/19 40 2.2 1900295 7.8 1.1 5/1 81 0.25A
5/26 40 16+ 390:83 7.5 1.2 -- 745

6/7 0.20A 6/14 66 0.22A

6/22 45 16+ 980490 7.5 0.54 10.5 750
7/28 46 16 780+76 7.5 0.55 12 755 0.14A M 7/18 93
8/25 49 16+ 330+84 7.4 1.5 9.5 175
9722 46 16  1300+130 7.9 0.83 9.0 750 Chior- B/28 74 0
= inated
well 1
week ago
10/26 53 5.1 1200+120 ---=e===u= 10.0 760
11/30 33 5.1 11007110 7.5 0.28 9.0 750 1 A - atrazine
12/29 52  16+%  ====-- 1.7 122 7.0 780 N.D. - none detected
ug/1 - part per billion
N 13 10 10 8
X 16 7.5 0.95 760
S 7 - 0.30 13
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Table 1-14.
NOq
Date mg/1
1981
11/18 86
1982
1/26 88
2/25 74
3/23 72
4/19 79
5/26 86
6/7
6/23 89
7/28 104
8/25 a1
9/22
N 9
i 80
S 17

Water analyses for well L-42 (site 61).

Cond.
Bac. Radon Turbid Temp. micromhs/cm®* Pesticides! Other?
MON  piCi/1 pH  NTU oC @ 25°C ug/1 M Notes
0
5.1
5.1 520:51 7.0 4.4 N.D.
2.2 800%/5 7.0 4.0
0 770473 7.0 3.4
16 580%56 7.1 >100.0 -- 1260
- 0.04A
16+ 600+42 7. 19.0 10.1 1280 N.D.
5.1 570%57 7. 4.6 11.0 1350 N.D. M Well
- across
road
from L-
42
16+ 340+43 7.2 17.0 10.0 1010
- disman-
tled
7 7 4
i 30 1220
-—- 4] 150

171

Water analyses for well GL-1 (site 72).

Table 1-15.

NO3  Bac.
Date mg/1 MPN
1981
12/14 35 5.1
1982
1/26 19 0
2/25 29 0
3723 38 0
4/19 38 2.2
5/26 33 0
6/7
6/22 39 0
7/28 40 5.1
8/24 25 16+
y/22 39  le+
10/27 9 16+
11/30 40 2.2
12/28 36 0
N 13
x 32
5 10

N03

Date mg/1
1983
5/5 4]
10/3 32

Radon Turbid Temp.
piCi/1 pH NTU %
460447 7.2 0.89
930+86 7.2 0.36
840477 7.3 1.3
720469 7.4 0.87 9.0
750+74 7.4 0.5 115
- 7.4 0.46 11.0
400446 6.9 2.5 14.0
500+59 7.3 0.87 13.0
400447 ==-emomea- 10.0
660466 7.4 0.87 9.0
71073 7.3 0.77 7.0
10 10
7.3 0.94
-—- 0.61
Bac. Temp.
MPN pH °C Cond.
7.2 9 860
16 905
172

Cond.

micromhs/cm? Pesticides!

@ 25°C

690

800
855
850
850
940
800
825

830
71

N-Series?
mg/1

ug/1

Pesticides!
ug/l

Other?

M

cI*
mg/1

33

Notes

Other
Mor0



Water analyses for well GL-8 (site 75).

Table 1-16.

NO3  Bac.
Date my/l MPN
1981
12/15 90 0
1982
1/26 75 16
2/25 101 16+
3/23 76 16+
4/19 88 Bal
5/27 65 2.2
6/23 92 16+
7/23 100 0
8/25 101 0
9/22 33 0
10/27 60 5.1
11/30 80 l6+
12/29 97 16+
N 13
p.d 85
) 14

NO3

Date mg/1
1983
5/5 94
10/3 95

Radon Turbid Temp.
piCi/1  pH NTU C
270+28
70¥11 7.8 10.0
580+57 7.0 0.45
460+45 7.2 1.0
400+39 7.2 1.4 --
210427 7.4 0.44 13.7
- 7.4 0.51 14.0
220432 7.6 2:l 14.0
450%53 7.3 1.0 14.0
540%61 —---mmm=en 12.5
530+55 7.1 0.90 10.0
76¥14 7.5 1.0 8.0
10 10
7.3 1.9
--- 2.9
Bac. Temp.
MPN pH °c Cond.
7.4 14,9 1080
16.5 1050

173

Cond.

micromhs/cm?  Pesticides!

@ 25°C

755
1040
1010
1090
1000

925

950

990

970
100

N-Series?
mg/1

ug/l

zz=z=
. .
oo
« s .

Pesticides!
ua/l

Otherd
M Notes

Otherd
Mor0

ci
mg/1

46 M

Table 1-17.

NO3  Bac.
Date mg/1 MPN
1/27 33 2.2
2/25 32 0
3/23 35 16+
4/19 33 9.2
5/26 34 0
6/7
6/23 33 0
7/28 36 0
8/24 36 0
9/22 29 0
lo/27 29 0
11/30 35 16+
12/28 39 16+
N 12
T 34
S 3

NO3

Date mg/1
1983
5/5 36
10/3 39

Radon
piCi/l

780+74

590+61
690+69
550+61
720+78
690%73
650+61
400744

Bac.
MPN pH

7.5

Turbid Temp.

ph  NTU o
7.5 15.0
7.5 2.0
7.6 2.3
7.7 2.5 13.0
7.6 1.4 11.8
7.5 1.5 9.0
7.2 3.0 12.0
8.1 1.8 11.0
---------- 11.0
7.7 2.9 10.0
7.5 2.1 8.0
0 10
7.5 3.5
-—— 4.1
Temp.
o Cond.
12.5 480
15 470
174

Water analyses for well AB-6 (site 81).

Cond.
micromhs/cm?
@ 25°C

450

500
560
460
475
490
490
495

8
490
33

N-Series?
mg/1

Pesticides!
ug/l

0.11A

N.D.

Pesticides!

ua/l

€1
mg/1

Other?
M

4.0

Notes

Other®
Mor0



Table 1-18, MWater analyses for Big Spring (site 82). Time of sampling Table 1-18, con't.

between 7:00 and 9:00 A.M. unless noted otherwise. Cond.
Date NO3  Bac. Radon Turbid Temp. micromohs/cm?  Pesticide! Other
Cond. _ Time  mg/1 MPN piCi/1 pH  NTU °C 8 25°C pg/l M
Date NO3  Bac. Radon Turbid Temp. micromohs/cm®  Pesticide! Other
Time mg/1 MPN  piCi/1 pH NTU °C 8 25° ug/1 M Water Year - 1982 (cont'd.)
5/28/82 46 16+ 350437 7.4 2.9 9.1 700 2.5A
Water Year - 1982 9:00 am 0.158
10/27/8 47 16+ N.D. {in water 5/28/82 46 16+
or sediment in raceway) 10:45 am
11/3/81 43 16+ 5/28/8 45 16+ 370438
11/10/81 N.D. (in water 12:00 pm -
or sediment in raceway) 5/30/82 47 16+
11/18/81 39 16+ 6/01/82 47 16+ 0.4A
12/01/81 38 16+ 0.78
12/15/81 41 16+ N.D. 6/07/82 : 320+36
12/22/81 40 16+ 6/08/82 45 16+  290%29 0.26A
12/29/81 42 16+ 6/15/82 47 16+ - 0.45A
1/12/82 36 16+ 0.088
1/19/82 37 16+ 0.08L
1/26/82 200+22 6/23/82 50 16+ 310436 7.4 3.7 9.4 780 0.70A
2/02/82 35 16+ - 0.098
2/10/82 35 16+ 0.05L
2/16/82 33 16+ 6/29/82 45 16+ 0.75A
2/23/82 30 16+ 0.078
2/24/82 30 16+ 290+28 7/06/82 0.49A
2/25/82 31 16+ 230+24 N.D. 0.49A
240724 7/07/82 46 16+
2/26/82 32 16+ 260+26 7.3 9 8:00 am
3/02/82 35 16+ 7/07/82 46 16+
3/09/82 26 16+ 3:10 pm
3/13/82 23 16+ 7/08/82 45 16+
3/16/82 23 16+ 7:50 am
3/22/82 35 16+  350+41 N.D. - water 7/08/82 45 16+
- (0.65 Dieldrin in 12:50 pm 0.45A
sediment from spring) 7/08/82 43 16+
3/23/82 28 16+ 7.2 13 3:35 pm
4/06/82 39 16+ 7/13/82 43 16+ 0.31A
4/13/82 a0 16+ 7/21/82 40 16+ 0.63A
4/20/82 41 16+ 260+27 7.3 8.7 7/28/82 36 l6+ 240+29 7.2 1.75 11.0 670 0.62A M
4,/24/82 42 16+ 8/03/82 41 16+ = 0.55A
5/12/32 49 16+ 0.18A 8/10/82 37 16+
5/18/62 44 16+ 0.44A 8/17/82 38 16+
0.15L 8/25/82 35 16+ 7.1 5.6 11.0 700 0.26A
5/25/82 80 16+ 9/07/82 37 16+ 0.30A
/27782 47 1o+ 9/14/82 34 16+
7:50 am 0.8A 9/22/82 35 16+ 7.3 2.0 10.0 745 0.284
0.28 (8.0 Dieldrin
5/27/82 45 16+ in sediment)
1:15 pm 9/28/82 34 lo+
5/27/32 46 16+
2:30 pm Water Year - 1983
5/27/82 46 16+  240+28 10/5/82 33 16+ 0.19A
9:50 pm 10/12/82 33 16+ 0.20A
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Table 1-18, con't.

Date
Time

NO3

Bac.

mg/1 MPN

Radon
piCi/l

Water Year - 1983 (cont'd.)

16,19/82
10/26/82

34
33

End of Water

11/1/82
11/3/82

11/9/82
11/16/82
11/30/82

12/1/82
17/7/82
12/14/82
12/21/82
12/28/82
10:45 am
12/28/82
12:25 pm
12/28/82
1:20 pm
12/28/82
2:25 pm
12/28/82
3:20 pm
12/28/82
4:20 pm
12/28/82
5:20 pm
12/28/82
7:10 pm
12/28/82
3:10 pm
12/28/82
9:10 pm
12/28/82
10:15 pm
12/28/32
11:10 pm
12/29/82
12:10 am
12/29/82
3:00 am
12/29/82
5:15 am
12/29/82
10::0 am

33

57
44

48
43
50
51
a3

16+
16+

Year - 1982 (See

16+

16+
16+

16+
16+
16+
16+
16+

16+

150+23

290+29

250+30
270+32
270431
230+28
300+34
230+28
290+34
270+32
240431
280+34
330+37
240+31
320+36
240+30
240+30
300+36

Turbid Temp.

pH NTU

°C

10.5

Cond.
micromohs/cm?®
@ 25°C

750

Text for Explanation)

sample bottle broken

7.4 4.8

7.2 42.5

177

9.0

9.0
8.5
9.0
9.0
8.5
8.5
8.5
9.0
9.0
9.0
9.0
9.0
9.0
8.0
8.0
9.0

740

705
610
725
705
680
650
660
700
710
600
705
700
700
675
675
655

Table 1-18 Cont'd.

Pesticide! Other Date
wg/1 M Time

NO3
mg/1

Bac.
MPN

Calendar Year 1983

0.184 1/04/83

1/11/83

1/18/83

0.10A 1/25/83

(3.6 Dieldrin and 2/01/83

5.1A in sediment) 2/08/83

2/15/83

0.19A 2/17/83

0.11A 2/18/83
(1.1 Dieldrin and 7:50am

5.0A in sediment) 3:35pm
2/19/83

0.22A 8:25am
0.17A 4:25pm
2/20/83
0.12A 1:15am
8:30am
12:15pm
5:10pm
11:53pm
2/21/83
3:20am
8:20am
12:50pm
5:00pm
7:15pm
9:40pm
2/22/83
12:05am
2:10am
4:10am
6:10am
9:1%am

11:45am
1:15pm
2:45pm
3:00pm
5:40pm
2/23/83
1:12am
7:30am
10:40am
6:20pm

0.11A

49

438
51
46
46
40
4l
43

40
39

40
37

28
27
25
23
17

19
18
16
16
17
18

17
15
16
15
14

14
14
14
16
17

22
21
23
22

All
16+

pH

Temp.
G

10
10
10
10
10
10

7.0

Cond.

600

575
695
700
675
650
660

285

370
360

178

N-Series?
mg/1

Pesticides!  C1%
wa/l mg/1

0.11A

0.12A
0.124
0.10A

0.11A

0.41A

0.67A

0.72A

0.88A
(9.2A in sediment)

Otherd
Mor0



Table 1-18 Cont'd.

Date
Time

NO3
mg/1

Bac.
MPN pH

Calendar Year 1983 (cont'd.)

2/24/83
6:45am
12:05pm
4:00pm
2/25/83
8:00am
12:00pm
4:00pm
2/28/83
B:00am
12:00pm
4:00pm
3/01/83
3/02/83
8:00am
3:35pm
3/03/83
3/04/83
3/05/83
12:30pm
8:00pm
3/06/83
3/08/83
3/09/83
3/10/83
3/11/83
3/12/83
3/13/83
3/14/83
3/15/83
3/16/83
3/22/83
3/25/83
3/26/83
3/27/83
3/28/83
3/29/83
4/02/83
4703783
4704743
4/05/33
4/06/63
4/07/83
4/08/83
4/09/83
4/10/83

27
27
28

31
30
31

41
42
41
40

32
34
33
36

42
37
37
41
37
39
40
12
42
41
43
42
44
43
43
43
42
44
43
42
43
51
51
51
51
50
49

(42 Back Spring)

Temp.

°c

o w X o

Cond.

450

420

640
600

580
465
540

600

600

580
580
700
650

710
690
570
6390
650
675
600
700
645
650
600

179

Pesticides!

ug/l

0.32A

0.16A

0.12A
0.11A

0.10A

0.14A

Table 1-18 Cont'd.

Date
Time

4/11/83
4/12/83
4/13/83
4/14/83
8:00am
3:30pm
4/15/83
7:45am
3:45pm
4/16/83
4/17/83
4/18/83
4/19/83
4/26/83
4/29/83
4/30/83
5/01/83
5/04/83

5/05/83

5/10/83
B:00am
2:30pm

5/17/83

5/18/83

5/19/83

5/22/83

5/24/83

5/27/83
5/31/83
6/03/83
6/07/83

NO3
mg/1

56
49
72

71
69

44
42
45

42

45

45

54
48

a4

pH
Calendar Year 1983 (cont'd.)

7.2

7.4

7.3

Temp.

°C

10
10

10

10

10
10

10
10

11.5

10

10

10

11
11

Cond.

660
660

550

560

675
700
700
700

700
675

640

620

675

720

720

580

640

600
600
690
750

180

N-Series?
mg/1

10.07
0.256
0.02A

9.97
0.056
0.03A
10.07
0.156
0.07A

10.2T7
0.09G
0.15A

0.24A

Pesticides!
ua/l

0.16A

0.10A
0.10A

(1.1 Dieldrin
in sediment)

0.15A

0.21A

0.15A
0.158
0.08L
0.21A

0.23A
0.158
0.24L
0.42A
0.198
0.32L
0.29A
0.088
0.09L

0.16A

[ ks
mg/1

16
16

17

16

Otherd
Mor0



*F rom Mineral Scan

Table 1-18 Cont'd.

Date NO3 Bac. TEmp.
Time mg/1 MPN pH c

Calendar Year 1983 (cont'd.)

6/14/83 46
6/17/83 46
6/21/83 44
6/22/83 44 14
6/27/83
d:50am 46 10.8
3:00pm 48 10.8
5:00pm 48 10.8
7:45pm 47 10.8
10:00pm 44* 10.8
6/28/83
12:40am 46 10.8
6:35am 45 10.7
11:25am 41* 10.6
1:25pm 46 10.6
5:30pm  44* 10.5
6/29/83
6:50am 52 10.2
10:30am 56 10.2
10:30pm 56 10.2
6/30/83
12:30am 50 10.2
5:00am 48 10.2
6:45am 10.2
8:00am 47 10.2
10:40am 44+ 10.3
3:00o0m 46 10.3
4:00pm 45* 10.3
6:00pm 44 10.3
7:30pm 47 10.4
8:30pm 50 10.4

Cond.

700

720

710

710

730

700
700
740
710

710
690

690

181

N-Series?
mg/1

10.0T
0.186
<0.01A

9.2T7
0.186
<0.01A

10.07
0.28G
<0.01A

11.17
0.33G
<0.01A

10.0T
0.76G
0.01A

10.07
0.54G
0.05A

11.17
0.76G
0.01A

Pesticides!
ug/1

0.13A
0.18A

0.23A

0.80A
0.198
0.11L

2.5A

0.108
0.60L
0.41D

1.4A
0.298
0.32L

1.10A
0.328
0.28L

1.90A
0.698
0.47L

ci+
mg/1

19.0

16

19

18

18

Other?
Mor0

Tooo

M,0

*From Mineral Scan

Table 1-18 Cont'd.

Date NO3 Bac. Temp.
Time mg/1  MPN pH °C
Calendar Year 1983 (cont'd.)
10:20pm 48* 10.5
11:30pm 49 10.5
7/01/83
12:30am 48 10.5
4:30am 438 10.5
5:40am 44 10.5
6:00am 48 10.5
9:30am 54 10.5
10:45am 52 10.5
11:30am 54 10.5
1:50pm 53* 10.5
3:00pm 51 10.5
5:00pm 45 10.7
6:00pm 42 10.8
8:00pm 42 11.0
9:30pm 44 11.0
10:20pm  44* 11.0
11:30pm 46 11.0
7/02/83
12:30am 11.0
1:30am 45 11.0

Cond.

690
690
690
670
670
660

660
660

670

650
590

560

540

540

545

550

550
560

182

N-Series?
mg/1

11,17
0.706
0.01A

10.0T
0.90G
0.01A

12.07
1.76
0.01A

12.0T
3.26
0.7A

10.07
6.7G
0.16A
9.37
6.5G
0.46A
9.37
5.5G
0.15A

10.0T7
3.56
0.17A

10.07
3.4G6
<0.01A

Pesticides!
ug/1

3.1A
1.018
0.45L

1.60A
0.368
0.38L
2.10A
0.198
0.28L

2.30A
0.768
0.39L
2.10

0.628
0.36L
0.620

4.7A
0.438
0.63L

3.8A
1.28
0.62L
0.250
0.11F

5.1A
0.718
0.57L

e
mg/1

17

14

16

12

Other?
Mor0

Tooo o (=}

oo

M,0

(=N =]



*From Mineral Scan i
Table 1-18 Cont'd. Table 1-18 Cont'd.

Date NO3  Bac. Temp. N-Series? Pesticides! CI1* Other? Date NO3  Bac. Temp. N-Series?  Pesticides! C1*  Other
Time mg/1  MPN  pH °cp Cond. mg/1 ug/1 mg/1  Mor 0 Time mg/1 MPN  pH °c Cond. mg/1 ug/1 mg/l  Mor0
Calendar Year 1983 (cont'd.) Calendar Year 1983 (cont'd.)
9/23/83 4l
7/02/83 (cont'd.) 9/27/83 45 0.24A
5:00am 51 11.0 590 0 9/30/83 41
6:45am 55 10,9 600 0
9:15am 58 10.9 610 0 End Water Year 198
11:00am 53 10.9 620 (2.6A and 0.6 0 10/03/83 41 ' 11.5 760 0.19A
Bteldria on 10/04/83 41 9.47 0.19A
sediment) 0.346
12:01pm 58 10.8 630 0 <0.01A
3:45pm 57 10.8 640 10/07/83 42
7:30pm 62 10.8 650 0 10/11/83
9:45pm 65 10.8 660 2.0A 0 1:30pm 42 0.18A
0.248 5:00pm 42
0.19L 9:00pm 41
7/03/83 11:45pm 40
5:00am 65 10.8 685 0 10/12/83
11:59am 64 10.8 700 0 12:30am 40
3:00pm 62 (61 Back Spring) 10.7 695 0 8:00am 39 0.204
6:00pm 63 10.7 700 0 12:30pm 40
11:45m 74 6:00pm 40
7/04/83 10:30pm 39
7:45am 73 10.6 10/13/83
7/05/83 7:45am 41
4:30pm 74 10.5 690 13.0T 0.58A 16 M,0 7:00pm 41
<0.01G 11:30pm 41
<0.01A 10/14/83 42
7/06/83 72 10.4 730 10/16/83 45
1/07/83 72 10.3 730 10/18/83 46 0.32A
7/08/83 55+ 10.2 770 12.07 0.42A 17 M 10/21/83 47
<0.016 10/25/83 51 0.20A
<0.01A 10/28/E3 49
7/12/83 53 (13) 770 0.25A 11/01/83 49 0.24A
7/19/83 50 0.18A 11/03/83 45 10.07
7/22/83 49 0.186
7/26/83 45 0.17A 0.02A
7/29/83 44 Tie 760 0.51A 18 M 11/04/83 44
8/02/83 46 0.24A 11/08/83 46 0.18A
8/05/83 45 11/10/83 45
8/09/83 43 0.27A 11/15/83 43 0.21A
8/16/63 40 0.21A 11/18/83 44
8/23/83 43 0.18A 11/22/83 45 0.424
8/25/83 42 11/29/83 48 0.22A
8/30/83 37 0.35A 12/02/83 49
0.11L 12/06/€3 50 0.19A
9/06/33 39 0.184 12/09/83 47
9/13/83 38 0.19A 12/13/83 47 10.0T 0.16A
9/16/83 42 0.03 NOp-N
9/20/33 39 <0.016
/ 0.22A <0.01A

£ 184



Table 1-18 Cont'd Table 1-18A. Other water analyses from Big Spring (site 82).

-Series?  Pesticides! C1* Otherd
Date NO3 Bac. Temp. N-Series
i A H °C Cond. mg/1 ug/1 mg/1 Mor0 Suspended
i 50 B P ? Sediment Dye-Concentration
; ' Date Concentrations Fluoresceine Amino-G
t'd. :
Egc}lg?g;r Yigr 1933 (con ) e ceny F o
12/20/83 46 —_— [ i —
12/27/83 46 5/5/83 17
12/30/83 46 SR
9:00P 0 0
10:30P 0 0
FOOTNOTES 65
o 12:30A 59 10 0
. Pesticides:
: = ;c- Atrazine; B - Bladex; L - Lasso; D - Dual, F - Dyfonate, R - Furadan 4:30A 40 0
’ ’ 5:20A 50 0
i 6:45A 270 2
2 N-Series:
i - -N; G - ic-N; A - Ammonium-N 8:00A 35 2
T - NO3-N; G - Organic L - 2
10:40A 150 4
3. Other:
- Mi an, or other samples, on other tables. 12:01P 30 5
M - Mineral sc p s - ;
4. Chloriage from mineral scan or separate analysis. gggﬁ gg g
4:00pP 110 5
*  From Mineral Scan il i ‘ 1o g
6:00P 90 15
7:30P 100 8
8:30p 72 100 8
9:30pP 120 3
10:20p 130 4
11:30P 94 100 3
7/1/83
12:30A 110 4
5:10A 130 6
7:40A 1660 150 10
8:20A 90 15
9:30A 1870 50 9
10:45A 2220 90 8
11:30A 90 4
12:30p 60 22
1:50P 40 T
3:00P 2120 50 T
5:00P 0 0
6:00P 4040 0 0
8:00P 3675 a0 8
9:30P 1560 10 4
10:20p 1440 0 0
11:30p 1370 207 6
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Table 1-18A.

Date
Time
7/2/83
12:30A
1:304
5:00A
6:454
9:15A
11:00A
12:00p
1:30P
2:30P
145P
:Qop
:30P
:452

WO~ o

7/31/83
5:00A
9: 304

12:00pP
3:00pP
6:00P

7/5//83

7/8/83

71/27/83

7/28/83

10/12/83

Continued

Suspended
Sediment
Concentrations

ma/1 o

1130
410

245

65

60
100
75
15
15
10
10
20

187

Dye-Concentration

Fluoresceine Amino-G
ug/1
307 2
0 0
0 0
0 1]
T 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0

Water analyses from well AB-3 (site 84).

Bac.

1 MPN

NO3
mg/

37

30

26
51
39

21

Table 1-19.
NOg

Date mg/

1982

1727 14

2/25 30

3/23 35

4/19 38

5/27 60

6/23 49

7/28 33

B/24 5

9/22 16

10/26 18

11730 31

12/29 46

N 12

T 31

S 16

Date

1983

5/5

6/28

7/1

74

1/6

1/28

10/3

15

5.1
16+
16+
16+
16+

16+

16+
16+
16+
16+
16+

1

Radon
piCiN

230+27
320%34

390+35

310436

160+26
250%36
460%54
630760

Bac.

MPN pH

7s

16+

Turbid
pH NTU
7.1 11
7.3 >100
7.3 62
7.8 4.0
7.4 23
7.4 10
7.4 16
8.1 »>100
7.5 24.5
7.9 2.7

10 10
7.4 35
--- 38

Temp.
°C

9 12.5

13

Temp.
%

10.0

10.3

=
OO~ O o
ocooocococo

Cond.

860

830

188

Cond.

micromhs/cm®  Pesticides!

@ 25°C

955

910

750
710
710
750
875
890

820
99

N-Series?
mg/1

8.307
0.49G
0.01A

6.60T
0.37G
<0,01A

8.707
0.786
0.02A

ug/1

N.D.
0.30A
0.208

0.64A
0.118

0.38A

Pesticides!
ug/1

0.10A

0.95A

0.61A
0.108

1.10A

Otherd

M

(A b
mg/1

44

Notes

Other?
Mor0



Table 1-20. Water analyses for tile line L-22 T (site 108).
Cond.
NO3 Bac. Radon Turbid Temp. micromhs/cm? Pesticides! Other?
Date mg/1 MPN  piCi/1 pH NTU °C e 25°C ug/l M Notes
1981
11/17 97 16+ 0.30A
1982
- -- -- -- -- -- -- -- covered
e with
snow
2/25 32 16+ - 6.9 11.0 N.D.
3/22 58 16+ -- 6.9 5.1
4/19 81 16+ - 7.0 2.0
5/26 74 16+ - 1.0 3.2 11.0 575 0.51A
1.00A
4 0.16L
6/22 86 16+ 730472 7.1 0.61 11.7 675 1.40A
7/28 86 16+ - 6.8 0.55 -- -
8/24 70 16+ 590464 6.8 0.81 14.5 590 0.49A
9/22 65 16+  840+86 73 0.78 13 600 0.15A
10/26 63 16+ 830488 -----==me--- 12.0 600 0.30A
11/30 72 16+ B70%85 7.0 0.83 9.0 615
12/28 79 16+  ~----- 6.90 1.7 5.0 625 0.30A
N 12 10 10 7
X 72 7.0 2.7 610
S 17 --- 3.3 32
N07  Bac. Temp. N-Series? Pesticides! CI*  Other®
Date mg/1  MPN pH i Cond. mg/1 ug/l mg/1 M or 0
1983
2/22 30 All 0.49A
16+ i
3/3 59
4/16 70
5/5 66 7.0 9.8 620 15.007 0.24A 20 M
0.08G
0.03A

189

Table 1-20 continued

NO3 Bac.
Date mg/1  MPN
6/17 75 All
6/28 72 16+
6/29 91
6/30 107
7/6 91
7/28 67
8/31 62
10/3 61
10/11
10:30A 57
3:30p 71
8:30p 713
10/12
12:30A 73
9:000 71
1:00P 69
5:00p 72
9:30P 69
10/13
7:45A4 70
4:30P 70
10/14
7:30A 75
11/3 76
12/12 63
12/13 59

pH

Temp. N-Series?  Pesticides! CI%
°c Cond. mg/1 ug/l mg/1
0.39A
16,007
0.24G
<0.01A
1.20A
0.11B
0.12L
11.5 580 0.35A
13.00T7
0.28N02
<0.016
<0.01A
190

Otherd
Mor0



Water analyses for surface water L-23 S (site 109).

Table 1-21.
NO3  Bac.
Date mgs1 MPN
1981
11/17 40 16+
1982
1/26 36 16+
2/25 23 16+
322 29 16+
4/19 43 16+
5/26 40 16+
6/22 61 16+
7/28 37 le+
8/24 34 16+
- 9/22 34 16+
10/26 31 16+
11730 42 16+
12/28 51 16+
N 13
X 39
S 10
NO3
Date myg/1
1983
2/22 14
3/3 36
4/16 50
5/5 50
6/17 51
6/28 48
6/29 54
6/30 63
7/1 45

Radon
piCi/Nl

120417

85+17
87+17
120+22
130%23
130+30
120%20

Bac.
MPN  pH

All
16+

pH

Turbid Temp.

NTU

Temp.
°c

°c

Cond.

Cond.
micromhs/cm Pesticides! Otherd
@ 25°C pg/l M Notes

N.D.

625 0.64A
0.15L

645 0.82A
675
700
705
705
620
535

650
58

N-Series? Pesticides! C1*  Otherd
mg/1 ug/1 mg/1 M or 0

11.007 0.24A
0.656
0.03A

0.12A

15.00T7
1.306
0.19A

Table 1-21 continued

Date
1/6

7/28
8/31
10/3

10/11
10:30A
3:30pP
8:30P
10/12
12:30A
9:00A
1:00p
5:00P
9:30P
10/13
7:45A
4:30pP
10/14
7:30A
11/3
12/12
12/13

N0z
mg/1

87

47
39
32

23
25

31
40
40
43
42

43
44

a4
50
44
43

Bac.
MPN

All
16+

Temp. N-Series?  Pesticides! CI%
pH °C Cond. mg/1 ug/l ma/1

0.93A
0.108

19 710 7.40T7
1.606
0.24A

9.50T

0.12N02
<0,016
<0.01A

192

Otherd
Mor0



Table 1-22.

NO3  Bac.
Date mg/1 MPN
1981
12/15 38 16+
1932
1/26 -- -
2/25 21 16+
3/23 35 16+
4/19 43 16+
5/26 46 16+
6/7
6/23 54 16+
7/28 32 16+
8/25 22 16+
9/22 27 1o+
10/26 26 16+
11/30 40 16+
12/28 38 16+
N 12
b4 35
S 10

NO3

Date mg/1
1933
2/e2 14
3/3 27
4/16 68
5/4 38

Radon
piCi/l

100+15
160%25
64712
60%10

Bac.
MPN pH

ATl
16+

pH

O~~~
e s s s
QW e~ B

8.2

Turbid Temp.

NTU

26
48
25
16

10.3

Temp.

°C

°C

13.0

15.7

Cond.

193

Cond.
mi cromhs /cm?
@ 25°C

650

710

675
570
695
710
705
420

640
101

N-Series?

mg/1

Water analyses for surface water F-45 (site 110).

Pesticides!
ug/1

N.D.

17.00A
2.608
3.00L
6.00D
0.09F

1.50A
0.41B
0.12L
0.05D

Pesticides!

ug/l

0.20A

Otherd

c
mg/1

M

Notes

Frozen

Otherd
Mor0

Table 1-22.

NO3
Date mg/1
6/17 42
6/28 45
6/29 62
6/30 32
1/28 38
8/31 29
10/3 27
11/2 68
12/13 37

Temp.
pH %@

19.7

Cond.

715

194

N-Series?  Pesticides! CI*
mg/1 ug/1 mg/1
10.00T 8.00A
1.806 0.498
0.43A 3.00L
2.100
8.50T
0.20KN02
0.236
0.07A

Otherd
Mor0



Table 1-23. Water analyses for surface water F-47 (site 111). Table 1-23. continued

Cond. NO3  Bac. Temp. N-Series?  Pesticides! €14  Otherd
N0z  Bac. Radon Turbid Temp. micromhs/cm?® Pesticides! Otherd Date mg/1  MPN  pH °c Cond. mg/1 ug/1 mg/1 M or0
Date mg/1 MPN  piCi/1 pH NTU °c @ 25°C pg/l M Notes
1981 4/16 42
- 5/5 40  (Q=28 7.3 13 590 9.10T 0.30A 22 M
12/15 37 16+ cfs) 0.77G
0.04A
1982 6/17 37 0.23A
S 6/30 32 7.00T
1/26 - -= == S = == - --  Frozen 6.50G
2/25 20 16+  44+12 7.5 24,0 N.D. 0.72A
3/23 31 16+ 45710 7.8 65.0 1/6 79 1.50A
4/19 44 16+ 14517 8.1 23.0 0.208
5/26 43 16+ 2577 8.1 49.0  -- 635 7/28 37
6/8 = 4.50A 8/31 27
1.308 10/3 25 20 705 6.00T
1.50L 0.866
0.700 0.01A
6/23 57 16+ 0 8.4 27.0 16.4 720
772801533 6% o sessus 8.3 20.0 24.5 650 2.50A M 11/2 76 17.00T7
0.398 0.466
0.06L 0.04A
0.250 12/13 36
8/25 28 16+ =me-em 7.4 85.0 17.5 660 2.50A
0.658
0.31L
9/21 23 16+  6+.6 B.5 10.1 13.5 655 0.35A
1026 21 16+ 13+l emcemmeae- 9.5 695 0.31A
11730 40 16+  31*11 8.1 10.0 5.0 680
12/29 50 16+ ---—-- 7.8 42.0 -0.5 510 0.30A
N it 10 10 8
X 35 7.9 36 650
s 12 w98 63
NOy  Ba:o. Temp. N-Series? Pesticides! CI*  Other?
Jate mg/l MPN pH °c Cond. mg/1 ug/l mg/1 M or 0
1933
2/22 4 AN 1.00A
3/3 29 15+
196
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Table 1-24. Water analyses for Turkey River (TR-1) (site 113). Table 1-24, con't.

Cond.
_ Cond. NO3 Bac. Radon Turbid Temp. micromohs/cm® Pesticides! Other
NO3 Bac. Radon Turbid Temp. micromohs/cm® Pesticides! Other Date mg/1 MPN  piCi/1 pH NTU o @ 25°C wa/1 M
Date  mg/l MPN  piCi/l pH  NTU °C @ 25°C g/l M
6/15 27
1981 6/23 35 40+11 8.3 24 19.9 600 1.304
0.108
10727 34 Al 0.17L
16+ 0.100
6/29 29
11/03 28
11/11 25 7/07
8:00 25
12/04 27 3:10 24
12/15 33 7/08
12/22 32 7:50 25
12/29 33 12:55 25
3:35 25
1982 7/13 24
T 7/21 33
1/27 26 7/28 36 47+9 7.9 19.5  21.0 545
2/23 16 8/03 23
2/25 20 N.D. 8/10 22
2/26 22 40+10 7.8 19 8/17 19
8/25 15 7.1 74 17.0 505
3/02 23
3/13 12 9/7 28
3/16 14 9/14 24
3/22 24 9/22 30 7.3 11.0 15.0 585
3/23 26 14416 7.7 80 9/28 er
4/06 27 10/05 22
4/13 27 10/12 25
4/20 31 1045 8.8 91 10/19 24
4728 29 . 10/26 34 3143 10.0 575
5/11 25 11/02 30
5/18 31 11/09 32
5/25 43 11/16 37
5727 38 3.30A 11/30 35 26+6 7.4 15 5.0 585
0.158 3
0.40L 12/07 27
5/28 34 25+5 8.0 49 14.0 545 12/14 67
12/21 36
6/01 41 12/28 22 7.8 >100 0.0 275
6/08 35 37.00A
5.008
20.00L
1.60D
0.36F
197

198



Table 1-24, con't.

Calender Year 1983

Date

1/4

/11
1/18
1/25

2/1
2/8
2/15
2/22

3/1
3/2

3/3
3/8

3/15
3/22
3729

4/5
4,7
4/12
4/19
4/26

5/5

5/9

5/10
5717
5/19
5/24
5/31

6,7
6/14
6/17
6,21

/1
772
7/3
715

NO3  Bac.

mg/1  MPN

39 ATl
16+

& SRV 'S s O

PSP e BN

30
34
33
47

Pesticides!
ug/1

0.51A

0.93a

NO3 in mg/1 from other localities on Turkey
River, and the Upper lowa River at Decorah

Above Upper
Garber Spillville Volga R. Elkader Elgin lowa

21 17 19 19
32 36 31
27 29 28 23 23
34 40 41

28 28 20

199

Table 1-24, con't.

Date

7/12
7/18
7/26

8/2
8/9
8/16
8/23
8/30

9/6

9/13
9/20
9/21
9/27

10/4

10/11
10/18
10/254

11/1
11/8
11/15
11/22
11/29

12/6

12/13
12/20
12/27

NO3
mg/1

30
19
23
17
17
18
15
15
22

18

Pesticides!

NO3 in mg/1 from other localities on Turkey
ug/1 River, and the Upper lowa River at Decorah

Above Upper
Garber Spillville Volga R. Elkader Elgin Iowa

16 20 17
15 19 8
N-Series Analysis, mg/1
4.5 NO3-N
0.57 Org-N
0.01 Amm-N

200



Table 1-25. Water analyses for well JSW (site 83). Table 1-26. Water analyses from St. Olaf (Galena) Spring (site 78).

Cond. NO3  Bac. Temp. Pesticides!  N-Series? C1*  Other?
NO Bac. Radon Turbid Temp. micromhs/cm? Pesticides! Otherd Dat ! ° :
Date mg:}1 MPN  piCi/1 pH  NTU °c @ 25°C g/l M Notes o wgal B € wong wal Rl A Heae
1982
1982 a=2je
1/26 42 16+
5/24 26 0 0.13A 6/23 44 16+
7/23 62 0 8/25 33 16+
8/25 28 0 11/30 54 16+
8/26 28 0 11/30 56 16+
11/30 32 0 N.D. 12/29 68 16+
1983
NO3 Bac. Temp. N-Series?  Pesticides! CI*  Other® 3/3 40 16+
Date mg/1  MPN pH . Cond. mg/1 g/l mg/1 M or 0 5/4 62 16+
7/6 91 16+
1983 7/28 53 16+
8/31 38 16+
2/22 29 0 10/3 39 16+ 16 730
5/5 31 0 1.2 11.8 720 7.00T 0.1A 14 M
0.05G6
0.01A
6/28 30 0 6.50T
0.026
0.04A
7/3 27 0
1/6 31 0 6.90T 0.11A
<0.01G
<0.01A
1/28 28 0
10/3 31 15 745 0.10A
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Table 1-27. Water analyses for surfacewater sites RC-2 (site 115 on Robert's Creek) Table 1-28. MWater analyses on tile-line discharge draining into sinkholes in Boogen-

and SC-1 (site 114 on Silver Creek). hagen Basin; site BTL-D, downstream, draining fertilized pasture (in corn
rotation).
RC-2 sc-1
N0z  Bac. Temp. N-Series?  Pesticides! CI*  Otherd
NO3 Bac. NO3 Bac. Date mg/1  MPN pH b of Cond. mg/1 ug/l mg/1 M or 0
Date mg/1 MPN Date mg/1 MPN
1982
8/25/82 23 A1l 16+ 8/25/82 All 16+
11/30/82 42 44 9/21 24 N.D.
2/22/83 7 17
3/3/83 27 36 1983
5/5/83 38 (Q=44 cfs) 43
6/17/83 39 49 5/5 38 9.3 660
7/1/83 36 6/17 66
7/28/83 38 40 7/5 64 N.D.
8/31/83 24 15 1/28 47
10/3/83 22 (19°C; 680 sp. cond.) 35 (18°C; 820 sp. cond.) 1/29 47
12/13/83 42 8/31 46
10/3 38
10/11
10:30A 37
3:30p 36
8:30P 36
10/12
12:30A 36
9:00A 37
1:00p 38
5:00p 37
9:30P 37
10/13
7:45A 38
4:30p 38
10/14
7:30A 38
11/3 34 11 750
12/12 37
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et al., 1983).

(138 from GT-1, as above)

Table 1-29.
NO 3
Date mg/1
1932
5/6 72
5/217 70
7/28 74
9/21 69
12/28 84
1983
2/e2 41
3/3 70
5/5 93
6/17 96
6/30 143
(130
(123
7/5 145
7/28 94
1/29 94
8/31 63
10/3 53
10/11
10:30A 61
3:30p 22
8:30P 29

Bac.
MPXN

All
16+

from GT-1; tile draining adjacent corn field)

pH

7.3

Water analyses on tile-
hagen Basin; site BTL-U,

Temp.

°C

9.3

Cond.

740

N-Series?
mg/1

21.007
0.52G
0.06A

from 65-1; interflow discharge in waterway

17

790

205

above tiles

Pesticides!

ug/l

0.90A
1.00A
6.508
1.50L

0.24A
0.088

N.D.

N.D.

ci
ma/1

24

line discharge draining into sinkholes in Boogen-
upstream, draining corn field (BTL-1 of Hallberg

Other?
Mor0

Table 1-29. continued
NO3 Bac.
Date mg/1  MPN
10/12 ATl
12:30A 34 16+
9:00A 55
1:00p 57
5:00P 59
9:30P 60
10/13
7:45A 63
4:30P 67
10/14
7:30A 67
11/3 74
12/12 12

N-Series?

Cond. mg/1

16.00T
0.05N02

<0.01G

<0.01A

206

Other
Mor0



Water

analyses on surfacewater draining to sinkholes in Boogenhagen Ba-

sin; site Boog-D, downstream (BSW-1 of Hallberg et al., 1983).

Table 1-30.
NO4
Date mg/1
1982
5/b 27
5/27 14
(35,
1983
2/22 14
3/3 35
5/5 47
5/13 45
5/18
7:20A 34
10:00pP
6/27
8:00pP 49
6/28
3:20p 57
6/29
7:40P 8
9:10pP 12
6/30
7:00A 64

Bac. Temp.
MPN pH °C Cond.

All
16+

at sinkhole, BSW-3)

*Q=1.3 cfs 16.5 640

(suspended sediment concentration - 135 mg/1)
10.0T

Q=2.3
(sus. sed. con. - 34 mg/1)

Q=3.0
(sus. sed. con. - 415 mg/1)
(Pesticide in sediment

1.1A

3.5R

0.0-Dieldrin)

0=2.3
(sus. sed. con. - 200 mg/1)

0=0.9 7.3 720
(sus. sed. con. - 150 mg/1)

Q=1.0
(sus. sed. con. - 36 mg/1)

Q=25-30 7.0 180
(sus. sed. con. - 6,324 mg/1)
Q=3.4

(sus. sed. con. - 70 mg/1)

207

N-Series?

mg/1

1.7G
0.74A

7.6
1.7G
0.08A

11.0T
2.86
1.9A

14.7
35.0G
2.5A

15.07
0.95G
0.10A

Pesticides!

ua/l

6.30A
31,008
12.70L
1.508

0.10A

1.0A
0.428
0.42L

2.8A
0.28
0.18L

1.600

3.8A
0.278
0.18L

cl%
mg/1

25

30

8.0

Table 1-30.

Date

7/1
7/5

1/8

7/28
8/31
10/3

10/11
10:30A
3:30p
8:30P

10/12
12:30A
9:00A
1:00p
5:00P
9:30P

10/13
7:45A
4:30p

10/14
7:30A

11/3
12/13

NO3 Bac.
mg/1  MPN

11 Q=8
69 Q=4.5

Continued.

pH

7.6

Temp.

%€

Cond.

720

(sus. sed. con. - 10 mg/1)

69 0=2.6

1.6

700

(sus. sed, con. - 10 mg/1)

58 (=0.3
42
32
29

<5
<5

22
41
a4
44
46

45
48
51
48
55

*) = stream discharge

18

835

208

N-Series?

mg/1

16.07
0.386
0.07A

16.0T
0.39G
0.05A

Pesticides!
ug/l

0.69A
0.128

0.53A

c1e
mg/1

20

20

Otherd
Mor0



Table 1-31. Water analyses on surfacewater draining to sinkholes in Boogenhagen
Basin; site Boog-U, upstream (BSW-2 of Hallberg et al., 1983).

Date

—
re)
a
S

E

5/6

5721
7/28

1983
s/4
5/5

5/13

5/18
7:20A

10:00A

5/19
91 30A

6/27
4:50p

6/23
3:00pP

NO3
mg/1

51

43
25

71

43

42

Bac. Temp.

MPX pH °C Cond.
All

16+

Q=0.6 8.3 12 6560
cfs

(Suspended Sediment Concentra-

tion - 460 mgl)

q=0.6
(sus. sed. con. - 30 mg/1)

Q=2.0
(sus. sed. con. - 70 mg/1)

7.5 620

Q=1.1 1.5 620
(sus. sed. con. - 38 mg/1)

Q=0.5 7.4 700
(sus. sed. con. - 39 mg/1)

Q=0.3
(sus. sed. con. - 17 mg/1)

209

N-Series?
mg/1

14.07
0.58G
0.03A

12.07
1.2G6
0.30A

11.07
0.906
0.07A

10.07
1.5G6
0.69A

12.0T
1.16
0.14A

Pesticides!
ug/l

1.40A
8.008B
4.00L
3.308

0.13A

0.10A

0.44A
0.218
0.37L

0.69A
0.26B
0.31L

2.1A
0.558
0.56L

2.8A

0.108
0.10L
0.200

ol b
mg/1

20

18

21

16

Other?
Mor0

Table 1-31. Continued.

Date

6/29
7:00P

6/30
7:00A

1/5

7/28
8/31
10/3

10/11
10:30A
3:30p
8:30p

10/12
12:30A
9:00A
1:00P
5:00p
9:30P

10/13
7:45A
4:30P

10/14
7:30A

12/13

NO3 Bac. Temp.
mg/1  MPN pH °C Cond.

11 (sus. sed. con. - 5807 mg/1)

76 7.6 620
86 Q=1.3 7.6 700
83 Q=0.4 7.4 22 700

70 Q=0.03

62

47 16 845
<5

<5
<5

38
50
53
53
54

56
58

61

66

N-Series?
mg/1

19.0T
0.316
0.05A

19.07
0.31G6
0.04A

Pesticides!
pua/l

6.6A
5.08

3.84
0.278
0.18L

0.71A
0.138

0.71A
0.138

(W}
mg/1

23

23

Other?
Mor0



Table 1-33. Water analyses from tile-line discharge stream draining into sinkhole in

Table 1-32. Water analyses from tile-line discharge stream draining into sinkhole in Shes Badtiy 8ite E5H (wastoside)

Sass basin; site ES-E (east-side)

N-Series? Pesticides! €14 Otherd NO3 Bac. Temp. N-Series? Pesticides! CI1*  Otherd

NO3  Bac. Temp. mg/1 M or 0 Date mg/1  MPN  pH °c Cond. mg/1 ug/l mg/1 M or 0

Date mg/1  MPN pH °G Cond. mg/1 ug/l

1982  Tile drains hayfield (alfalfa) and corn. 1982 Tile drains cornfield

: 5/6 88 All
5/6 51 All
16+ 16+
5/27 60 5/27 9%
1933 PIK acreage 1983 Corn
6/29 73 6/29 78
1984 2030
38 o e 66
4/30
1215 42 Sy &
1930 47
1030 68
5/1 1750 67
0030 50
1030 51 5/4 73 (Planted to corn.)
3 .
5/4 57 (Planted to alfalfa meadow, cut for hay.)
5/8 61
5/17 71
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Table 1-34. Water analyses on surfacewater draining to sinkholes in Sass basin;
drains cornfields, pasture, and alfalfa hayfield.

NO3 Bac. Temp. N-Series?  Pesticides! C1*  Other
Date mg/1  MPN pH % Cond. mg/1 ug/l mg/1 Mor0
1982
5/6 30 All 1.90A
16+ 7.208
3.30L
5/27 43
1983
6/29 13 (During runoff.)
8:30P
6/29 <5 (surfacewater runoff draining into sinkhole.)
1984
4/30 49
2:30P
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APPENDIX 2

Water Mineral-Scan Analyses From Various Monitoring Sites
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Tapble 2-1.
Well
Site Number
11 (VD-24)
l6  (VD-12)
26 (B-32)
30 (B-27)
37 (vp-18)
39 (L-7)
45  (PAT-20)
47  (PAT-18)
49  (F-51)
56 (F-32)
57  (T-17)
75 (GL-8)
81  (AB-6)
gz  (BS)
83 (JSP)
44 (A3-3)
108 (L-22)
111 (F-47)
--  (BTL-1)

K

1.0
1.1
0.8
ND

0.9
1.3

2.7
3.3
ND

2.8

Na

8.8
12
6.4
5.6
14
20
8.9
6.2
5.6
10
10
2602
3.6

12

22

8.0

13

Ca

91
81
100
84
120
140
98
84
89
100
91
|
62
89
94
100
74
81
86

Mg

37
33
45
40
a1
57
31
30
32
38
40
0.4?
20
39
39
47
30
33
39

Major ion analyses from network sites, 5/5/1983

Total
Mn  NO3 F  Cl SO HCO3 Fe
0.02 21 0.2 14 52 372 0.03
0.08 23 0.2 9.0 42 344 7.3
0.06 64 0.3 9.0 84 426 7.4
0.02 29 0.1 3.0 15 407 3.9
0.04 62 0.3 34 56 383 2.2
ND 140 0.2 80 53 376 0.12
0.03 0.7 0.3 ND 7.5 440 0.88
0.15 ND 0.25 ND 12 384 6.5
0.57 11 0.4 14 42 342 3.4
ND 38 0.2 11 46 372 0.06
ND 65 0.2 28 27 342 0.05
0.08 94 0.25 46 60 417 0.08
ND 3 0.2 4.0 19 229 0.11
0.02 45 0.2 16 26 364 0.07
ND 31 0.1 14 31 384  0.03
0.27 37 0.4 44 56 400 3.1
0.02 66 0.2 20 28 237 0.02
0.22 40 0.4 22 21 308 0.28
ND 93 0.1 24 26 296 ND
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Table 2-1.

Site

11
16
26
30
37
39
45
47
49
56
57
75
81
82
83
84

108

111

KEY:

Continued.
Soluble
Fe §i0p
0.03 16
7.3 21
7.4 20
3.9 23
2.2 21
0.12 18
0.88 16
6.5 19
3.4 21
0.06 19
0.05 18
0.08 21
0.11 15
0.07 17
0.03 16
3.1 19
0.02 17
0.28 2.0
ND 14
K = Pottasium
Na = Sodium
Ca = Calcium
Mg = Magnesium
Mn =
NO3 = Nitrate
F = Flouride
Cl = Chloride
S04 = Sulfate

Conductivity TDS

730
700
840
700
900
1200
680
600
640
700
750
860
480
730
720
900
620
660
740

Manganese - soluble Mn

Hardness Alkalinity pH
409 380 305 T3
413 351 282 7.4
483 453 349 7.25
381 381 334 7.3
482 462 314 7.3
653 577 308 1.2
335 374 361 7.3
323 345 315 7.4
385 361 280 7.4
407 369 274 7.45
428 406 305 7.3
491 428 321 T2
293 237 188 75
379 383 298 7.2
401 395 315 7.3
626 456 328 7.85
296 308 194 7.05
340 339 263 8.4
392 375 243 7.25

HCO3 = Bicarbonate

Fe = Iron

S10, = Silica

Conductivity = Specific conductance

TDS = Filterable Residue

Time = Military style; i.e., 3:30 pm = 1530
ND - not detected - use for < (less thans)
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Table 2-2.
Date Time
1933
5/5 —ue
5/18 -
5/19 ---
6/27 2200
6/28 25
1730
6/30 1040
1600
2220
TIl 600
1359
2220
7/5 1630
1/8 1100
7/29 -—-

K

2.5
159
2.1
0.8

P = N
VN—= s

U
L 4 On

0.3

Na

11
7.6
7.8

10

~ oW e
[ -

oo
~ -

6.7

7.0

Ca

89

Mg

39
36
36
39

36
36
34
36
33
30
34
21
35
37

28

Mn

Major ion analyses from Big Spring.

45
44
46
44

40
44

44
45
47

45
53
44

55

coo [=N=]
Pt r—

o oo
P
ot et

Cl

16
17
16
19

16
19

18
18
17
14
16
12

16

18

S04 HCO3
26 364
28 362
26 359
26 367
24 368
22 359
20 343
20 332
21 331
18 307
19 309
15 238
22 347
24 359
25 373

Total
Fe

Table 2-2. Continued.

Date
1983
5/5

5/18
5/19
6/27
6/28

6/30

7/1

1/5

7/8
1/29

KEY:

Soluble Lab Total

Fe $i0p Conductivity TDS  Solids Hardness Alkalinity pH
0.07 17 730 379 379 383 298 7.2

ND 16 720 431 431 358 297 7.35
0.16 20 720 427 427 356 294 7:3
0.43 18 720 488 483 381 301 T3
0.35 18 710 486 486 371 302 7.4
0.54 18 710 464 464 384 294 7.2
0.07 16 700 424 499 356 281 7.4
0.06 16 690 411 474 360 271 1.2
0.08 16 8307 403 511 344 271 7.4
0.11 16 640 389 690 310 252 7.4
0.15 17 650 408 1952 349 253 7.3
0.25 16 520 339 1706 257 195 7.2
0.03 18 710 455 460 360 285 7.25

ND 18 730 443 454 380 204 763
0.10 17 760 415 415 381 306 7.2

K = Pottasium

Na = Sodium

Ca = Calcium

Mg = Magnesium

Mn = Manganese - soluble Mn

NO3 = Nitrate

F = Flouride

Cl1 = Chloride

S04 = Sulfate

HCO3 = Bicarbonate

Fe = Iron

SI0p = Silica

Conductivity = Specific conductance

TDS = Filterable Residue

Time = Military style; i.e., 3:30 pm = 1530
ND - not detected - use for < (less thans)
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Table 2-3.
Date Time
1983

5/5 —
5/18 1000
5/19 0930
6/27 2050
6/29 1900
7/05 e
7/08 -—
6/27 2000
6/30 0700
7/05 -—-
7/08  ---

K

2.5
8.5
4.9
15
11
2.2

Na

12
8.3

11
2.5
8.1

8.4

13

8.8
7.3
7.7

Ca

76
67
67
73

73
79

75
69
76

Mg

35
3
30
32
5.8
a2
34

35
29
34
36

Mn

BOOG-U
0.08
0.30
0.25
0.92

0.03
0.05
B00G-D
0.55
0.13
0.11

0.1

219

NO3

60
46
55
42
6.2
82
83

49
69
69
72

F

0.1
0.1
0.1
0.1
0.1
0.1
0.1

0.1
0.1
0.1
0.15

C1

20
18
21

8.0
22
23

30
18
20
20

Major ion analyses from sites Boog-U and Boog-D.

S04

23
24
20
22
13
19
17

24
17
21
21

HCO3

310
287
276
322

85
268
290

318
254
290
309

Soluble

Fe

1.0

0.61
0.61
0.68
0.05
0.03

0.20
0.04

0.03

Table 2-3. Continued.

Date

1983

5/5

5/18
5/19
6/27
6/29
7/05
7/08

6/27
6/30
7/05
7/08

KEY:

Total Total
Fe Si0z Conductivity TDS  Solids Hardness

B00G-U

0.21 7.6 700 390 390 334

1.0 17 620 451 451 297

0.61 16 620 420 420 292

0.85 19 700 431 614 316

7.5 7.9 180 230 1460 85

0.11 15 680 271 406 314

0.25 15 700 405 426 338
B00G-D

0.36 18 720 489 575 333

0.49 16 620 358 476 293

0.68 16 720 398 438 331

0.36 16 700 428 482 344

K = Pottasium

Na = Sodium

Ca = Calcium

Mg = Magnesium

Mn = Manganese - soluble Mn
NO3 = Nitrate

F = Flouride

Cl = Chloride

S04 = Sulfate

HCO3 = Bicarbonate
Fe = Iron

SI02 = silica

Conductivity = Specific conductance

TDS = Filterable Residue

Time = Military style; i.e., 3:30 pm = 1530
ND - not detected - use for < (less thans)
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Alkalinity

255
235
226
264

70
219
237

208
238
254

pH

8.3
7.5
1.5
7.4
7.0
7.55
7.4

7.3
7.6
7.6

7.6



APPENDIX 3

Chemical Analyses From Soil Profile Samples From The Big Spring Basin

*Pesticide abbreviations as in Appendix 1: A - Atrazine; B - Bladex; D- Dual;
F - Dyfonate; L - Lasso; R - Furadan; S - Sencor/Lexone; N - dieldrin; ND -
none detected; N/A or blank - not analyzed.
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Sail Horizon Total Radium;
Depth or Weather- Nitrate Pesticides™ Phosphorus 226p,
inches (cm) ing Zone ma/kg ug/kg % pCi/g Materials

Site 22HB-1; Downs soil in Wisconsinan loess, on upland interfluve summit; in 2nd year
of corn after meadow (11/13/82).

0-7 Ap 40.0 110.0A 0.04 2.2 Loess
(0-18) 23.0L
5.0F
29-35 B2t 17.0 12.0A 0.05
(74-89)
88-95 C-MOU 9.0 ND 0.07
(224-241)
116-120 C-0u 7.6 N/A
(295-305)
148-162 Du/DL 6.7 N/A
(376-411)

Site 22HB-7; Tama soil in Wisconsinan loess, on upland divide; in continuous corn

(11/4/82).
0-7 Ap 31.0 80.0A 0.04 1.9 Loess
(0-18) 2.0L
8.5F
16-20 A3 38.0 1.0A 0.03 N/A
(41-50)
36-48 Bt 43.0 1.0A 0.05 2.0
(91-122)
80-88 C-MOU 32.0 ND 0.07 N/A
(203-224)
102-110 C-MDOU 18.0 0.3A
(260-279)
136-140 DU 11.7
(345-3506)
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Soil Horizon i Total Radium;
Depth or Weather- Nitrate Pesticides Phosphorus 226,
inches (cm) ing Zone mg/kg ua/kg % pCi/g Materials

Site 22HB-10; In Arenzville soil mapping unit; Late Holocene alluvium along Robert's
Creek, in continuous corn (11/3/82), near F-45,

0-6 Ap 74.0 120.0A 0.06 N/A Silt loam, Camp
(0-15) 17.0L Creek Member
10.0F (post-settle-
2.0N ment alluvium)
15-20 Alb 37.0 1.4A 0.05 1.4 Silt loam, Late
(38-50) Holocene allu-
vium
35-40 A3b 59.0 1.0A As above
(89-101)
80-84 C(RL) 10.0 1.0A Stratified loam
(203-213) and sand
100-104 c(MOL- 0.3* Sand and
(254-264) MOU) gravel

* Below water table.

Site 22HB-11; In Huntzville soil mapping unit; Mid-Holocene alluvium along Robert's Creek;
in continuous corn (11/3/82).

0-7 Ap 55.0 3.6A Silt loam, Camp
(0-18) 5.88 Creek Member
9.1L (post-settle-
15.0N ment alluvuim)
39-48 Alb 70.0 1.8A silt loam, mid-
(99-122) 1.8N Holocene allu-
vium
70-75 Bltb 36.0 1.1A as above
(178-191) 0.8N
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Soil Horizon 5 Total Radium;
Depth or Weather- Nitrate Pesticides Phosphorus 226p4 )
inches (cm) ing Zone mg/kg uwa/kg % pCi/g Materials

Site 22 AB-22; in Arenzville soil mapping unit, on Mid-Holocene terrace and alluvium; in
long-term, fertilized pasture (6/17/83).

0-6 A/C 19.0 Silt loam -
(0-15) Post-settle-
ment alluvium
6-12 Al 16.0 Silt loam -
(15-30) mid-Holocene
alluvium
12-18 A2 8.0
(30-45)
18-24 B/A 6.0
(46-61)
24-36 B/A 6.4
(61-91)
36-44 Bl 12.0
(91-112)
43-68 B3 6.9
(122-172)
63-85 C-MRL 6.4
(172-216)
85-103 MRL 2.5
(216-262)

Site 22-43-FL; in small feedlot on gentle side-slope over loess-derived soil (10/13/83).

0-4 g 62.0 manure and silt
(0-10) loam
10-14 0/A 75.0 silt loam with
(25-36) manure
18-24 Btg 7.8 silt loam-loess
(46-61)
34-38 Btg 6.6
(86-97)
46-50 C-MOL 2.5
(117-127)
54-60 C-0L 2.1
(137-152)

Soil Horizon " Total Radium;
Depth or Weather- Nitrate Pesticides Phosphorus 226pa
inches (cm) ing Zone mg/kg ug/kg % pCi/g Materials

Site 22 AB-20; in Fayette soil in Wisconsinan loess; on interfluve summit; in oak, hickory,
walnut woodlot at least 50 years old (6/17/83).

0-6 Al-E 34.0 ND Loess
(0-15)
6-12 E2 3.5 ND
(15-30)
13-18 E/Bt 3.7
(30-45)
18-24 B2t 5.1 ND
(46-64)
24-30 B3t 4.5 ND
(64-76)
30-42 B4-86t 4.0
(76-107)
54-60 B9t 2.6
(139-150)
79-100 C-MDL 4.3
(254-305)
100-120 DL 2.7
(254-305)
126-132 CR 2.6 Bedrock-dolo-

(320-335) mitic silt-
stone; Elgin
Member, Maquo-
keta Frm.

Site 22 RB-1; in Dubuque soil in Wisonconsinan loess over bedrock, on sideslope of
interfluve; in mixed woodlot, at least 40 years old (6/17/83).

0-8 Al 36.0 Loess
(0-20)
8-14 El 8.9
(20-36)
14-19 E/BW 6.2
(36-48)
19-24 BCr 2.8 Bedrock-dolo-

(48-61) mitic silt-
stone; Elgin
Member, Maquo-
keta Frm.
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Soil Horizon Total Radium;

Soil Herizon Total Radium; i s g *
Depth or Weather- Nitrate Pesticides® Phosphorus  226g, Hegth or deathers: MWitrate Pesticldes™ Phosghonys  226g,
inches (cm) ing Zone mg/kg ua/kg % pCi/g Materials inches (cm) ing Zone mg/kg ug/kg % pCi/g Materials

; g y ¢ A ; . Site 22 AB-4l; in Fayette soil in Wisconsin loess, on summit of high terrace along Robert's
Site 22 BSN-1; in eroded Fayette soil, in Wisconsinan loess on shoulder of interfluve; ’ Y : » g 9
first year in corn, timber cleared fall of 1982 (10/14/83) Creek; in pasture with scattered timber (10/14/83).

0-6 Ap 18.0 100.0A Loess 0-55 A 6.5 0.6N Loess
(0-15) 15.0L (0-15)
12-18 E/B 5.9 ND
6-12 Bt 44.0 18.0A
(15-30) 2.4L (30-45)
24-30 B3t 4.8 ND
12-18 Bt 17.0
(30-45) (61-76)
18-24 Bt 6.7 36-40 B4t 7.8
(45-61) (91-101)
46-52 B6t 5.9
24-326 Bt 6.1
(61-91) (117-132)
54-60 Bt/C 11.0
36-43 C-MOL 2.6
(91-122) (137-152)
63-74 C-MOL 10.0
48-60 C-MOL 2.9 .
(122-152) (172-188)
104-110 ou 1.2
Site 22 AB4U; in eroded Fayette soil, in Wisconsinan loess, on upland summit; in second (264-279)
year of alfalfa-timothy-clover hay field rotation; low chemical-N rotation
{10/13/83). 120-128 ou 7 |
(305-325)
(0-33) A 4.0 Laess 146-156 ou 4.6 Interbedded
(371-396) silts and fine
6-15 Bt 2.1 sands
(15-33)
172-176 ou 3.3 Interbedded
2a-20 Bt 2.2 (437-447) fluvial silts
(61-55) ’ and sands
=4 3 185-1488 ou 5.6
(3?-111} BSt 2.6 (470-478)
g40-z2 C-MOU 8.5
(2u3-¢13)
120-128 ou 4.1
(305-375)
2Ab 8.9 Basal loess
sediments and
Paleosol 227



Soil Horizon . Total Radium;
Depth or Weather- Nitrate Pesticides Phosphorus 226g 3
inches (cm) ing Zone mg/kg ua/kg % pCi/g Materials

Site 22 AB-42; in Tama soil (with grainy coats), in Wisconsinan loess, on summit of high
loess-mantled terrace/bench above Robert's Creek (10/13/83).

0-6 Ap 14.0 30.0A Loess
(0-15) 5.88
T7L
2.1F
2.0N
8-12 Al 22.0
(20-30)
12-18 Al 32.0
(30-45)
22-24 Bt/A 28.0
(56-61)
58-62 Bt/C 19.0 2.1A
(187-157) 0.5N
80-84 C/Bt 9.0
(203-213)
110-120 c-01 22.0
(279-305)
140-150 C-MOL 17.0
(356-341)
170-177 QuU-MoU 14.0 0.3A Interbedded
(432-450) silt loam and

fine sandy loam

187-191 ou 22.0 Alluvial lag,

(475-435) loam with
gravel

200-210 ou 8.0 Sand and gravel

(508-533) above bedrock
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Soil Horizon " Total Radium;
Depth or Weather- Nitrate Pesticides Phospharus 226ga
inches (cm) ing Zone mg/kg ug/kg % pCi/g Materials

Site 22 AB-43; in Fayette soil, in Wisconsinan loess, on summit of upland interfluve; in
continuous corn (10/13/83).

0-6 Ap 4.6 11.0A Loess
(0-15) 0.6N
6-12 E/B 6.1 6.0A
(15-30) 2.1L
12-18 Bt 4.0
(30-46)
18-24 Bt 8.0
(46-61)
24-33 Bt 14.0
(61-84)
33-39 Bt 7.6 6.0A
(84-100
46-52 c/B 18.0 2.6A
(117-132)
59-62 C-MOL 7.2 ND
(150-157) MOL
64-68 MOU-MDU 10.0
(162-172)
12-76 MOU 16.0 1.1A
(182-193)
92-98 MOU 36.0
(234-250)
116-120 ou 27.0
(295-305)
130-136 MOJL 15.0 Till
(330-345)
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Soil Horizon
Depth or Weather-

inches (cm) ing Zone

Nitrate

Pesticides™
mg/kg ug/kg

Materials

Site F-45 US: in Arenzville soil mapping unit; in silty Mid-Holocene alluvium along Robert's

Creek; in continuous corn (11/2/83).

0-8 Ap

(0-20)

21-25 AB
(53-64)

89-95 C-MOL
(226-241)

36.0

7.8

1.2

silt loam; late
Holocene
alluvium,

silt loam; late
Holocene
alluvium,

silt loam; late
Holocene
alluvium.

Site 22 AB-45; in Arenzville soil mapping unit; silty Camp Creek Member (post-settlement
deposits) over buried soil developed in silt loam and heavy silt loam late
Holocene alluvium along Deer Creek; 2nd year corn; never chemical-N
fertilizer used (11/3/83).

0-8 Ap

(0-20)

24-30 c-0L
(61-76)

48-355 Ab
(122-140)

31.0

22.0

13.0

silt loam, Camp
Creek member

silt loam, Camp
Creek member

silt loam, Camp
Creek member

Site 22 AB-15; in Festina soil mapping unit: Early Holocene terrace along Deer Creek; silty
ailuvium; second year corn; former farmstead; never chemical-N fertilizer

used (11/3/83),

0-5 AB
(0-15)
20-26 32
(50-66)
32-40 83t
(86-101)
18-55 Cc-MoL
(122-152)

33.0

12.0

7.6
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silt loam;
early Holocene
alluvium

silt loam;
early Holocene
alluvium

silt loam;
early Holocene
alluvium

Soil Horizon
Depth or Weather-

inches (cm) ing Zone

Nitrate
mg/kg

Materials

Site 22 AB47; in Dubuque soil mapping unit; thin Wisconsinan loess/colluvium, over bedrock;

2nd year corn; low level of N fertilization (11/2/83).

0-7 Ap
(0-18)

7-14 R/Bt
(18-36)

16-26 B/C/R
(41-66)

Site 22-5R; in Dubuque soil mapping unit; thin loess colluvium over bedrock;

(10/24/83).

0-8 Ap
(0-20)

8-18 Bt
(20-46)

18-24 B
(46-51

24-32 B/C/R
(61-81)

* A - atrazine; B - Bladex; L - Lasso; F - Dyfonate; N - Dieldrin
ND - none detected; N/A (or blank) - not analyzed.

25.0

10.0

13.0

34

22

17

32

Loess/colluvium

Dolomitic silt-
stone; Elgin
Member, Maquo-
keta Frm.

continuous corn

Loess/colluvium

Loess/colluvium
and Galena
dolomite



